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To my wife 


Preface 


The aim of this book is to present an exposition of the theory of alge- 
braic numbers, excluding class-field theory and its consequences. There are 
many ways to develop this subject; the latest trend is to neglect the classical 
Dedekind theory of ideals in favour of local methods. However, for numeri- 
cal computations, necessary for applications of algebraic numbers to other 
areas of number theory, the old approach seems more suitable, although its 
exposition is obviously longer. On the other hand the local approach is more 
powerful for analytical purposes, as demonstrated in Tate’s thesis. Thus the 
author has tried to reconcile the two approaches, presenting a self-contained 
exposition of the classical standpoint in the first four chapters, and then 
turning to local methods. 

In the first chapter we present the necessary tools from the theory of 
Dedekind domains and valuation theory, including the structure of finitely 
generated modules over Dedekind domains. In Chapters 2, 3 and 4 the clas- 
sical theory of algebraic numbers is developed. Chapter 5 contains the fun- 
damental notions of the theory of p-adic fields, and Chapter 6 brings their 
applications to the study of algebraic number fields. We include here Shafare- 
vich’s proof of the Kronecker-Weber theorem, and also the main properties 
of adeles and ideles. 

In Chapter 7 we apply analytical methods, and derive functional equations 
for various zeta-functions, including Dedekind zeta-functions and Dirichlet’s 
L-functions. These functions are then applied to the study of asymptotic 
distributions of ideals and prime ideals. In Chapter 8 we consider Abelian 
extensions of the rationals. We prove the Siegel-Brauer theorem in this case, 
obtain the class-number formula, and give an effective bound for negative 
quadratic discriminants with class-number one. The last chapter deals with 
factorization of algebraic integers into irreducibles. 

Each chapter ends with a section containing comments and a short review 
of the relevant literature. A short selection of exercises is also given. 

At the end of the book we present a choice of open problems containing 
some classical questions, and also some problems of more recent vintage. 
In the first edition this list contained 35 problems, 14 were added in the 
second edition, and now we added 10 more. Some of them were solved in the 
meantime. They are marked by an asterisk in our list. 


VIII Preface 


We expect the reader to have an elementary knowledge of algebraic and 
topological notions, including elements of Galois theory. 

There are three appendices dealing with locally compact Abelian groups, 
Dirichlet series and Baker’s method, presenting results utilized in the main 
text. 

The comments at the end of each chapter have been rewritten to take 
account of the development of the subject up to 2003, and the bibliography 
has been extended accordingly. To keep the size of the book reasonable some 
changes in the main text have been made in comparison to the previous edi- 
tions. Certain proofs were simplified, and we decided to omit a few theorems. 
In contrast to the previous editions, written on a typewriter, this time a com- 
puter was used, and this gave the possibility to improve the text on several 
places. I am grateful to several friends and colleagues, who commented on the 
previous editions. A particular thank goes to Dr. Tadeusz Pezda, who carefully 
read the outprints of the new version, and suggested several clarifications and 
improvements. 

Finally I would like to thank the Springer Verlag for the cooperation in 
the realization of this book. 


Wroclaw, January 2004 Wiadystaw Narkiewicz 
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Notation 


We shall use the following standard notation: 

The letter C will denote the complex field, R the field of real numbers, 
Q the field of rationals, Z the ring of all rational integers, N the set of all 
positive integers and P the set of all rational primes. F, will denote the finite 
field of q elements. By [x] and {x} we shall denote the integral resp. fractional 
part of z. 

The letter p with or without indices will be reserved for prime numbers, 
except when explicitly stated. For prime p the notation p* || m means that 
p® is the largest power of p dividing n. The cardinality of a set A will be 
denoted by #A. 

The m-th primitive root of unity will be denoted by ¢,,. In fields of zero 
characteristic we shall assume ¢,, = exp(27i/m). 

By A ~ B we shall indicate that two algebraic structures A and B are 
isomorphic. 

We shall use the Kronecker symbol 6? defined by 


fh as 
+" 10 otherwise, 


and the sign of a real number a will be denoted by sgna. 

By GRH we shall mean the General Riemann Hypothesis (called some- 
times the Extended Riemann Hypothesis), which states, that all zeros of 
zeta-functions of Riemann, Dedekind, and Hecke in the strip 0 < Res < 1 
lie on the line Re s = 1/2. 

The symbol U will indicate the end of a proof. Empty sums are considered 
to be equal 0, and empty products are equal 1. 


1. Dedekind Domains and Valuations 


1.1. Dedekind Domains 


1. This chapter is introductory, and contains the fundamental properties of 
Dedekind domains including their behaviour under finite extensions and the 
structure of finitely generated modules. Moreover, we include elementary facts 
about valuations needed in the sequel. 

Consider a commutative domain R, and let K be its field of quotients. Any 
non-zero R-module J contained in K, and such that for a certain non-zero 
a € Rwehave al c R, will be called a fractional ideal of R. Every fractional 
ideal contained in R is an ideal in the usual sense, and the converse holds for 
all non-zero ideals. If I;, Ig are fractional ideals, then their product I; Iq is 
defined as the set of all sums a,b, +--:-+Qmbm with a; € I; and b; € Ig. This 
set is also a fractional ideal. Indeed, it is a non-zero R-module contained in 
K, and if x,y # 0 lie in R and satisfy xl, C R, ya C R, then for a = S, a,b; 
in I, Ig we get 


(wy)o = 5 (aaj) (yds) € R. 


a 


Observe that for a non-zero a € K the set af is a fractional ideal. Such 
ideals are called principal fractional ideals. It is clear that the set of all 
fractional ideals of R forms a commutative semigroup with a unit element 
equal to R. 

Any commutative ring with a unit element, but possibly with zero- 
divisors, is called a Noetherian ring if every ascending chain of distinct ideals 
is necessarily finite. 


Proposition 1.1. A commutative ring with a unit element is Noetherian if 
and only if every its ideal is finitely generated. 


Proof : Let R be Noetherian and assume that J C R is an ideal which is 
not finitely generated. Select a non-zero element x; € I arbitrarily, and if 
the elements 11, 272,...,% are already selected, then choose for t,41 any 
element of J not contained in the ideal 7} R+22R+---+2,R. Such a choice 
is possible because I is not finitely generated. This leads to an ascending 
chain 7, R, 71 R+22R,..., of distinct ideals, contrary to our assumption. 


2 1. Dedekind Domains and Valuations 


Conversely, let R be a ring in which every ideal is finitely generated, and 
consider any ascending chain J, C Iz C ... of its ideals. The union Sia Ip, is 
an ideal in R, and so has a finite set of generators. But this set must already 
lie in some [,,, which shows that our chain has at most n distinct terms. UO 


Corollary. If every ideal of R is principal, then R is Noetherian, provided it 
is commutative and has a unit element. O 


We shall need also the notion of a Noetherian module. If R is a commu- 
tative ring with a unit element, then an R-module M is called a Noetherian 
module if every ascending chain of its submodules has only a finite num- 
ber of distinct terms. In the same manner as in Proposition 1.1 one shows 
that an R-module is Noetherian if and only if every its submodule is finitely 
generated. 


Proposition 1.2. (i) The direct sum of a finite number of Noetherian mo- 
dules is again a Noetherian module. 


(ii) A homomorphic image of a Noetherian module is again Noetherian. 
Proof : We start with a simple lemma: 


Lemma 1.3. If M is a Noetherian R-module and the sequence 


is exact (i.e., M, is a sub-R-module of M and Mz ~ M/M,), then the mo- 
dules M, and M2 are also Noetherian. Conversely, if there exists a sequence 
(1.1) with Noetherian M1, Mo, then M is Noetherian. 


Proof : Let M be Noetherian and let (1.1) be exact. As every submodule 
of M, is a submodule of M, the noetherianity of M, results. If {J,,} is an 
infinite ascending chain of distinct submodules of M2, then the reciprocal 
images of I, in M form an infinite ascending chain of distinct submodules 
of M, contradicting our assumption. 

Assume now Mj), Mz to be Noetherian and (1.1) to be exact. Let {Im} 
be an ascending chain of submodules of M, and let J,, be the image of I,,, 
in Mp. The sequence {J,,} is ascending, thus for sufficiently large n we have 
In = Ingi = Intq = ..., and similarly we obtain for J), = Im MM, the 
equalities J/,, = Jj,,4, =... for sufficiently large n;. Put N = max{n,ni} 
and let r > N. If a € I,, then for a certain b € _Iy we havea—b«€ M, 
whence 

a—-beElI,1M, CIn, 


and a € In. Thus I, C In, and the sequence {J,,} has only finitely many 
distinct terms, which implies that M is Noetherian. O 
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To prove our proposition note that its part (ii) is already contained in the 
lemma, and (i) follows by induction owing to the observation that for any 
R-modules A and B the sequence 


0—-A— AGB B—-0 


is exact. | 


Corollary. A finitely generated module over a Noetherian ring R is Noethe- 
rian. 


Proof : Applying part (i) of the proposition we obtain that R* is Noetherian 
for every positive integer k, and it remains to observe that every finitely 
generated R-module is a homomorphic image of R* for a suitable k, and so 
part (ii) of the proposition is applicable. O 


From now on we shall assume that R is a commutative domain, and by 
K we shall denote its field of fractions. If I is a fractional ideal of R, then we 
shall denote by I’ the set 


{we K: 21 c RB}. 


Obviously I’ is a non-zero R-module. Observe that it is a fractional ideal. 
In fact, if y is a non-zero element of J, and r is a non-zero element of R 
satisfying ry € R, then ry lies in RMI, and for every a € I' we have ary € R. 
It is easy to see that IJ’ C R. If for a fractional ideal I the equality 
II' = R holds, then we say that I is invertible, and write I~! instead of I’. 


Proposition 1.4. Every principal fractional ideal is invertible, and the set 
of all invertible fractional ideals forms a group under multiplication. 


Proof : If I = aR with a non-zero a € K, then evidently I’ = a~!R and 
II' = R follows. Now note that if for two fractional ideals I,, Iz the equality 
I, Iz = R holds, then they are both invertible and I, = I, 1 Indeed, we have 
I, C Ij, thus R = Ip C LI, Cc R, hence I, I, = R, and we see that J, is 
invertible, and, moreover, Ij = [,}R = [{IjIzg = RIz = Ip. This observation 
shows that if I, J are both invertible, then in view of JJ(I~1J~1) = R we 
get the invertibility of JJ, and it remains to observe that (I~!)-!=J7. OO 


If a domain R is not a field, and every fractional ideal of R is invertible, 
then we say that R is a Dedekind domain. Since a finite domain is a field it 
follows that every Dedekind domain is infinite. 

The first part of the last proposition implies that every principal ideal 
domain is Dedekind, and this applies in particular to the ring Z of rational 
integers. Two important properties of Dedekind domains are given by the 
following theorem: 
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Theorem 1.5. If R is a Dedekind domain, then R is Noetherian, and every 
non-zero prime ideal of R is maximal. 


Proof : Let I be a non-zero ideal in R. In view of IJ~! = R there exist 
elements a; € I, 6; € I~! (i = 1,2,...,m) such that $7", a:b; = 1. If now 
z € I, then « = )>j",(xb;)a; and 2b; € R, whence I is generated, as an 
R-module, by the finite set {a1,...,@m}, and the noetherianity of R follows. 

Now let p be a non-zero prime ideal in R, and let $8 be a maximal ideal 
containing it. We have pB~! c PP! = R, and so p¥~! is an ideal of R. As 
pf 133 = p, we must have either pB—! C p or P C p, because p is a prime 
ideal. The first possibility leads to B—-! C p~!p = R, which implies B~-! = R 
and $8 = R, but this is not possible, hence the second possibility must hold, 
and it leads to p = $B. | 


2. To obtain further results on Dedekind domains we have to introduce the 
notion of integrality. Let R be a domain, and let L be any field containing 
R (there is no need for L to coincide with the field of fractions of R). An 
element x € L is said to be integral over R, or shortly R-integral, if for some 
n > 1 there exist elements ag, a1,...,@n—1 of R such that the equality 


x" + Anz"! +---+a =0 (1.2) 


holds, i.e., if x is a root of a monic polynomial of positive degree and coeffi- 
cients in R. 

Note that if R is a field, then the elements integral over R are exactly 
those which are algebraic over R, i.e., which are roots of non-zero polynomials 
over R. 

One can define R-integrality in another way, which is sometimes better 
suited for applications. This is the content of the next proposition: 


Proposition 1.6. The following properties of an element x, lying in a field 
L containing R, are equivalent: 


(i) x is R-integral, 
(ti) The ring R[x] generated by R and x is a finitely generated R-module, 


(iit) There exists a finitely generated and non-zero R-module M C L with 
eMcmM. 


Proof : (i) = (ii) Observe that the elements 1,z,...,2”~1, with n as in (1.2), 
generate R[z]. 


(ii) > (iii) The R-module R[z] may serve as M. 
(iii) => (i) Let 21,...,z, be generators of M. From 2M C M we obtain 
the existence of b;; € R (i,j =1,2,...,1r) such that 


Tr 
az = > big; (ij =1,2,...,r) 
gal 
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holds. Since M is non-zero, not all z; can vanish, and so we have 


det[b;; — 63] = 0, 


where 
J 0 iftAj. 
Expanding this determinant we get an equation of the form (1.2). O 


Corollary. The set of all R-integral elements of a field L (with R being a 
subring with unit of L) forms a ring. 


Proof : Let a,b € L be R-integral. Choose finitely generated and non-zero 
R-modules M,N in L, satisfying aM Cc M and bN CN. The R-module 
MN = {0 mjn; : m; € M,n,; € N} is finitely generated and non-zero, and 
we have 

(atb)MNCMN, (ab)MNCMN, 


whence a+ b and ab are R-integral. Oo 


The ring whose existence is asserted in this corollary is called the integral 
closure of R in L. A domain which is equal to its integral closure in its 
quotient field is called integrally closed. We prove now the transitivity of this 
notion. 


Theorem 1.7. Let R be a domain contained in a field K, and let S be the 
integral closure of R in K. Then S is integrally closed. 


Proof : Let x € K be S-integral, i.e., for some n > 1 and ag,...,a,_1 in S 
we have #2” + pwr a;xJ = 0. The ring Rj, generated by R and the a,’s, is 
a finitely generated R-module, as can be seen from the consideration of the 
chain 

Rc R{ao| c Rlao, a1] CusiC R{ao, Baie ,An—1} = R,, 


in which every ring is a finitely generated module over its predecessor. Since x 
is clearly R,-integral, Proposition 1.6 shows that R,[z] is a finitely generated 
Ri-module, and it follows that it is a finitely generated R-module. As it 
is obviously non-zero and xR,|z] C R,[z], Proposition 1.6 implies the R- 
integrality of x. Oo 


We shall now use the notion of integrality to give a characterization of 
Dedekind domains: 


Theorem 1.8. A domain R is Dedekind if and only if it satisfies the following 
three conditions: 

(i) R is Noetherian, 

(ii) Every non-zero prime ideal of R is maximal, 
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(iti) R is integrally closed. 


Proof : Necessity. Let first R be a Dedekind domain. Theorem 1.5 shows that 
the conditions (i) and (ii) are satisfied, and to prove (iii) let z be an R-integral 
element of the field K of fractions of R. By Proposition 1.6 the ring R[z] is 
a finitely generated R-module. Let a1,...,@m be its generators, and choose 
b#0in Rso that ba; € R holds for i = 1,2,...,m. Then bR{z] C R, showing 
that R[z] is a fractional ideal. Since it is a ring, we get R(x] R[x] = R[x] and 


R(x] = RR{x] = R[x] R[z]~1 R[x] = Riz] R[x] R[x]~* = R[x] Riz]! = R, 


and thus x € R. This shows that R is integrally closed. 
Sufficiency. For the proof of this part of the theorem we need three lem- 
mas. 


Lemma 1.9. If R is a Noetherian domain and I is an ideal in R, distinct 
from {0} and R, then there exist prime ideals pi,..., pr of R such that 


Pipe Pr CLC pin pen: pr. 


Proof : Let I be the maximal element of the set of all those ideals of R which 
do not have the asserted property. This ideal cannot be prime, since in that 
case we may take r = 1, p; = I. Hence there exist elements a,b ¢ I with 
ab € I. Put A=I+aR and B=I+b6R. Then AB CIC ANB. The 
ideals A,B are non-zero and not equal to R, since e.g. A = R would imply 
the equality B = I. Hence A and B have the property formulated in the 
lemma, and this implies that I has it as well. This contradiction proves the 
lemma. CO 


Lemma 1.10. If a domain R satisfies the conditions (i), (ii) and (<i) of the 
theorem, then every non-zero prime ideal of R is invertible. 


Proof : Let p be a non-zero prime ideal in R, and choose a non-zero element 
a €p, so that the principal ideal aR contains a product p;---p, of the least 
possible number of non-zero prime ideals. Such choice is possible by Lemma 
1.9. If r = 1, then p = aR is clearly invertible, so we may assume r > 2. Now 
one of the ideals p;, say p1, must be contained in p, and so by (ii), p1 = p. 
The product p2---p, is not contained in aR, so choose b € po---p, \ aR. 
Then bp C ppo---p, C aR, and ba~'p C R, ie., ba! € p’ \ R, showing that 
Rcp' and R Fp’. 
The product pp’ is an ideal in R, and, moreover, 


p=Rpcpp’cR. 


We have to prove pp’ = R. Assume this to be false. Then pp’ = p, and 
consequently for n = 1,2,... the equality p(p’)” = p holds. Hence for every 
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non-zero x € p and y € p’ \ R we have zy” € p C R for all n. This in 
turn implies zR[y] C R, thus Rly] is an ideal of R. By (i) it has a finite 
set of generators, say @1,...,@m, and it follows that the R-module Rly] has 
a,x71,...,@mx—' for generators. Proposition 1.6. shows that y is R-integral, 
and (iii) implies y € R, contrary to the choice of y. Oo 


Lemma 1.11. If a domain R satisfies the conditions (i), (ii) and (tii) of the 
theorem, then every non-zero ideal in R, except R itself, is either a prime 
ideal, or a product of prime ideals. 


Proof : Let I # R be a non-zero ideal in R which is not a product of prime 
ideals. Lemma 1.9 shows that I contains a product p; ---p, of non-zero prime 
ideals, and we may assume that I is selected so that r is minimal. If r = 1, 
then (ii) shows that I is a prime ideal, so assume r > 2. Let p be a prime 
ideal containing J. Then p = pj, say, and 


pop Cp ICp 'p=R, 


whence p~1J is an ideal in R. By the choice of I we have p-!I = qi-:-qs 
with some prime ideals q;, and finally J = pq; ---q,, contradiction. Oo 


Now we may prove our theorem. Let J be a non-zero fractional ideal of 
R, and let a ~ 0 in R be such that al C R. Since al is an ideal of R, we 
may apply Lemma 1.11 to get al = p,---p, with suitable prime ideals p;, 
and thus 
IT =a""py-+- pp = (a*R)pi - + pr. 
Lemma 1.10 shows now that J is a product of invertible ideals, and so it must 
be invertible himself. Oo 


Corollary. In a Dedekind domain every proper non-zero ideal is either prime 
or can be represented as a product of prime ideals. 


Proof : Apply the last theorem and Lemma 1.11. O 


It turns out that this representation is unique. This is the main property 
of Dedekind domains. 


Theorem 1.12. Jf R is a Dedekind domain, then every proper non-zero ideal 
I of R can be represented uniquely in the form 


IT=)1---P,, 


where p; are prime ideals, if products differing in order will not be regarded 
as distinct. 
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Proof : Only the uniqueness remains to be proved. Let I # {0} be a proper 
ideal of R with two different representations as a product of prime ideals, say 


T= i---Pr=41°-- ds (r<s) 


We may assume that I is chosen so that r is minimal possible. Now q1---qs C 
1, hence one of the q;’s, say qi, is contained in p;. By Theorem 1.5 qi = p1, 
and by Lemma 1.10 we obtain 


pop3---Pr =P, I = qoq3--- qs. 


Thus the ideal pop3---p, has two different factorizations into prime ideals, 
which are different, as the factorizations of I were different. This contradicts 
the minimality of r. O 


Corollary 1. Every non-zero ideal I of a Dedekind domain R can be uniquely 
written in the form 
r= |], 
p 


where the product is taken over all non-zero prime ideals of R, and the expo- 
nents dy) are nonnegative integers, of which only finitely many are non-zero. 
O 


Corollary 2. The group of all fractional ideals of a Dedekind domain R is 
a free Abelian group generated by the non-zero prime ideals of R. 


Proof : Let I be a fractional ideal of R, and let aJ C R with a non-zero 
a € R. Then al is an ideal of R, hence I = (aR)~(al) is a product of powers 
of prime ideals with integral, not necessarily positive, exponents. Hence the 
prime ideals generate the group of all fractional ideals, and the last theorem 
shows that they do it freely. O 


Corollary 3. A non-zero ideal in a Dedekind domain is contained only in 
finitely many distinct ideals. O 


Now we regain for the ideals of a Dedekind domain many results of ele- 
mentary number theory connected with the notion of divisibility. 

We shall say that a fractional ideal B divides A (and write B|A) if, with a 
suitable ideal C of R, one has A = BC. The greatest common divisor of two 
ideals A, B is an ideal which divides both A and B, and is divisible by every 
other ideal having this property. The existence and uniqueness of the greatest 
common divisor results from Corollary 1 to the last theorem. It should only 
be noted that if A = Il, p°r and B= HE p%», then B divides A if and only 
if for all p one has Gp, < ay. This implies that the greatest common divisor 
of A and B equals [], p with yp = min{ap, 3, }. 
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Similarly, the least common multiple of two ideals is defined as an ideal 
divisible by both, and dividing every other ideal with this property. It is easy 
to see that the least common multiple of A = |], p*” and B = JI, p> is the 
ideal [], p> with dp = max{ay, Sp}. 

In accordance with the elementary number theory we shall denote the 
greatest common divisor of ideals A and B by (A, B), and their least common 
multiple by [A, B]. In the case (A, B) = R one says that the ideals A and B 
are relatively prime. In this case we shall write also (A, B) = 1. 

The reader may prove himself other properties of (A, B) and [A, B] which 
are analogous to those known from elementary number theory, e.g. the equa- 
lity (A, B)[A, B] = AB. 

We conclude this subsection with establishing certain links between the 
notion of divisibility and set-theoretical properties: 


Proposition 1.13. Let R be a Dedekind domain. 


(i) If A,B are fractional ideals, then the inclusion A C B holds if and 
only if B\A, 

(it) If A, B are relatively prime ideals in R, then AB = ANB, 

(itt) If A and B are ideals in R, then (A,B) =A+B. 


Proof : The implication BJA = A C B in (i) is trivial. If A C B, then 
AB-! Cc BB7“!=R, hence C = AB™ is an ideal of R, satisfying BC = A. 

If A and B are relatively prime ideals of R, then by (i) both A and B 
divide AM B, and so AB|AN B, whence ANB C AB. The converse inclusion 
being trivial, (ii) follows. 

Finally, to obtain (iii) note that in view of (i) A+ B divides (A, B), and, 
on the other hand, A+ B is the minimal ideal containing A and B, hence it 
has to be divisible by (A, B), and it remains to apply (i). oO 


3. This subsection is devoted to linear congruences modulo an ideal in a 
Dedekind domain R. Imitating once again the theory of rational integers we 
shall write a = b(mod I) to mean a — b € I, where I is an ideal of R. The 
following proposition solves the problem of solubility of a linear congruence 
in any domain, not necessarily Dedekind: 


Proposition 1.14. Jf R is a domain, I is an ideal in R and a,b € R, then 
the congruence ax = b(mod I) has a solution x € R if and only if the element 
b lies in the ideal I+ aR. 


Proof : If the congruence ax = b(mod I) has a solution z, then for a suitable 
y € I we have b= y+ az € I+aR, proving the necessity of the condition 
stated. To prove its sufficiency, observe that b € 1+ aR implies b = az’ + y 
for certain 2’ € R and y € J, i.e., x’ is a solution of our congruence. oO 
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Corollary 1. If p is a prime ideal in a Dedekind domain R, anda € R\p, 
then for every b € R and natural n the congruence ax = b(mod p”) is solvable 
in R. 


Proof : It suffices to observe that p” + aR = R. Oo 
Corollary 2. If p,,...,{m are distinct prime ideals in a Dedekind domain 
R, then for any given ay,...,Q@m in R and every natural n there exists a 


common solution of the congruences x = a; (mod p!) (i = 1,2,...,m). 


Proof : For i = 1,2,...,m choose b; in (pi +++ Pi—-1Pi41-°-+- Pm)” \ pi, and let 
x; be a solution of the congruence b;x; = a; (mod p7). The element z = 


yy, biz; has the desired property. Oo 
Corollary 3. (Chinese remainder theorem) If lh,...,Im are pairwise re- 
latively prime ideals in a Dedekind domain R and ay,...,@m € R are gi- 


ven, then there exists a common solution of the congruences x = a; (mod I;) 
(¢=1,2,...,m). 


Proof : Observe that if I = [| p%*, then every congruence of the form 
z =a(mod I) 
is equivalent to the system of congruences z = a (mod p°), and apply Corol- 


lary 2 with n = maxy);{p}. 


Corollary 4. Let I,J be relatively prime ideals in a Dedekind domain R. 
Then one can find an element x € I, which satisfies (xR, J) =1, (xI~1,I) = 
1, and, moreover, for every ideal I, relatively prime to I there exists y € I 
with (yR, th) =1, (yI1,D =1 andzR+yR=I. 


Proof : Write I = [[@, p%*, and let x; € p% \ pS*+? for ¢ = 1,2,...,m. By 
Corollary 3 the system 
cea; (mod p%t') (¢=1,2,...,m), 
£=1 (mod J) 
has a solution z € R. We may write eR = Ig with an ideal Ig, satisfying 
(I2,IJ) = 1. Applying once more Corollary 3 we obtain the existence of 
y € R, satisfying the system 
y=a; (mod pt!) (@=1,2,...,m), 
y= 1 (mod TyIp). 


Finally we see that yR = II; holds with a suitable I3, satisfying (13, I2) = 
(Js, I,) = 1, which is equivalent to our final assertion. O 
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Corollary 5. Every ideal in a Dedekind domain R is generated as an R- 
module by at most two elements. 


Proof : This follows immediately from Corollary 4. Oo 


Corollary 6. If I and J are ideals in a Dedekind domain R, then there exists 
an ideal A such that (A,I J) =1 and the product AI is principal. 


Proof : Write I = J], pod = I], pe ® and let P be the set of prime ideals 
dividing IJ. For every p € P choose zp € p® \ p%t?. Corollary 3 implies 
the existence of a € R satisfying a = x» (mod p®*t") for p € P, and for such 
a we have 
aR =|[p*-A=IA 
Pp 
with some A relatively prime to the product IJ. O 


The next theorem reduces the determination of the structure of the factor 
ring R/I to the case when I is a power of a prime ideal: 


Theorem 1.15. If I is a non-zero ideal in a Dedekind domain R, and 
T=|[»” 
p 


is its factorization into prime ideal powers, then the factor ring R/I is iso- 
morphic to the direct sum 
DR/p™, 
p 


and the group of invertible elements of R/I is isomorphic with the product of 
the groups of invertible elements of the rings R/p®. 


Proof : Consider the homomorphism f: R — Dy R/p°? given by 
f(z) = [x mod pp. 


Corollary 3 shows that f is surjective, and if x lies in its kernel, Ker f, then 
xz € p® for all p, and so x € IJ, whence Ker f is contained in I. Since the 
inclusion J Cc Ker f is trivial, we get Ker f = J. The last assertion follows 
immediately. oO 


4. In this subsection R will be a Dedekind domain having the following finite 
norm property ((FN)-property): 
For every non-zero ideal I of R the factor ring R/T is finite. 


The number of elements in R/I will be called the absolute norm of I, or 
norm, for short, and will be denoted by N(J). Observe that for every I the 
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ideal N(I)R is divisible by I, since the canonical image of N(I)e (where e is 
the unit element of R) in R/I is zero. Moreover the norm of a prime ideal is 
a prime power, since, in this case, by Theorem 1.5, R/I is a finite field. The 
main properties of the norm are given in the following theorem: 


Theorem 1.16. (i) For non-zero ideals I, J we have N(IJ) = N(I)N(J). 
(ii) For any given positive T the number of ideals I of R, satisfying N(I) < 
T is finite. 


Proof : (i) We need a lemma: 


Lemma 1.17. If p is a non-zero prime ideal in a Dedekind domain R and n 
is an arbitrary natural number, then the factor rings R/p and p"/p"*! have 
isomorphic additive groups. 


Proof : Choose a € p” \ p”*1, and consider the mapping g: «+> az of the 
additive group Rt of R into the additive group of p”. Since g(p) C p"*1, g 
induces a homomorphism g of the additive group of R/p into the additive 
group of p”/p”*1. Observe that if Z lies in the kernel of g and zx is any 
representative of Z in R, then ax € p"+1. This implies z € p, i.e., Z = 0, and 
we see that g is an injection. 

To prove that it is also surjective, take any y € p”/p”*!, and let y be a 
representative of 7. Since (aR,p"*!) = p”, Propositions 1.13 (iii) and 1.14 
imply the existence of € € R with a€ = y(mod p”**), and for the element € 
of R/p containing € we clearly have g(€) = y. Hence g is an isomorphism. 0 


This lemma implies that for every prime ideal p the factor ring p”/p"+1 
has N(p) elements, and since #(R/p"*1)/#(R/p”) = #(p"/p"*1), we get 
N(p”) = N(p)” for all n, so it remains to apply Theorem 1.15. 


(ii) Since R is infinite, consider a set of more than 1+T distinct elements 
of R, say a1,...,Qm. For every ideal I with N(I) < T there exist i 4 j such 
that a; and a; are congruent mod J. The set of differences a; — a; being 
finite, our assertion follows now from Corollary 3 to Theorem 1.12. O 


This theorem shows that the norm is a homomorphism of the semigroup of 
all non-zero ideals of R into the multiplicative semigroup of natural numbers. 
Corollary 2 to Theorem 1.12 enables us to extend this homomorphism to the 
group of all fractional ideals of R, the value group being the multiplicative 
group of positive rationals. This extended homomorphism we shall again 
denote by N(Z), and call it the norm. 

We shall now prove two results generalizing the theorems of Fermat and 
Euler in the elementary theory of numbers. 


Theorem 1.18. If p is a non-zero prime ideal of R, then for all x € R one 
has 
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aN) =x (mod p). 


Moreover, N(p) is the least rational integer n > 1 such that for allx € R the 
congruence x” = x (mod p) holds true. 


Proof : It suffices to consider the case x ¢ p. Since R/p is a field with N(p) 
elements, and its multiplicative group is of order N(p) — 1, Lagrange’s the- 
orem implies N(")-1 = 1 (mod p) . This proves the first part. To prove the 
second it suffices to observe that the multiplicative group of any finite field 
is cyclic, and so for any representative x € R of its generator the powers 


1,2,2?,...,2N(?)-2 are distinct mod p. oO 


The number of invertible elements of the factor-ring R/I will be denoted 
by @(I). 


Theorem 1.19. One has 


a =] (1- nw)’ 


pI 


where the product is extended over all prime ideals p dividing I. Moreover, if 
xe R and (cR,I) =1, then 


z?4) =1 (mod J). 


Proof : In view of Theorem 1.15 and Theorem 1.16 (i) it suffices to prove the 
first assertion in the case when I = p” is a power of a prime ideal. In this 
case it is sufficient to observe that 


2(p") = NW") — Ne") = NOM" (1 ay). 


The second assertion is a consequence of Lagrange’s theorem. O 


5. We shall now investigate the behaviour od Dedekind domains under the 
operation of integral closure. The main result concerning this problem is 
contained in the following theorem: 


Theorem 1.20. Let R be a Dedekind domain with field of quotients K. Let 
L/K be a separable extension of K with n = [L : K], and denote by S' the 
integral closure of R in L. Then S is again a Dedekind domain. Moreover, if 
R satisfies the finite norm property, then S does so as well. 


Proof : We shall check the conditions (i), (ii) and (iii) of Theorem 1.8. Since 
the extension L/K is separable and finite, it can be generated over K by a 
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single element, which may be taken from S. In fact, if a generates L/K and 
is a root of the polynomial 


AnX” + An-1X" 1 +++»+Aq (An #0) 
with coefficients A; € R, then the element A,a is a root of 
X”™ 4 Apap Xt + Ay pAe X=? teeet AgA”}, 


and so it is integral over R, i.e., lies in S. 

Consider a fixed algebraic closure 2 of K, and let Lo, I1,...,In—1 (n= 
[L : K]) be the embeddings of L into Q. For any x € L denote by «© its 
image in L;. We need a lemma which will also be used in the next chapter: 


Lemma 1.21. Let 0 be an element of S generating the extension L/K. If 
D = det|[(0)*}; .=0,...n-1, then D? is a non-zero element of R and S$ C 
cR{¥| holds with c= D~?. 


Proof : The non-vanishing of D follows from the observation that it is a 
Vandermonde determinant. Now let a be an arbitrary element of S. With 


suitable a9, a1,...,@n—1 € K we can write 
n-1 
a= > an”. 
k=0 
It follows that for i = 1,2,...,n we have 


n-1 
al) = San (9)*, 
k=0 


and thus Cramer’s formula shows that a, = A,/D, where A, is a determi- 
nant whose elements are integral over R. Observe that D? is invariant under 
automorphisms from the Galois group of the least normal extension of K 
containing L, whence D? € K. But D? is integral over R, thus lies in R. 
Since a, = AyD/D? (k = 0,1,...,n —1) and ay € K, D? € R, hence 
A,D € K, but A,D is integral over K, hence AyD € R, and we obtain 
D?a € R[¥]. The inclusion S$ ¢ cR[¥] follows now with c = D~?. Oo 


The mapping f: R™ —> cR[vU] given by 


n—-1 
f : (xo,.. ite=4 ) b> c} > a; 


i=0 


is a surjective homomorphism of R-modules, and by Proposition 1.2 we see 
that cR[v] is a Noetherian R-module, and, since S C cR[J], S must be also 
Noetherian. But every ideal of S is an R-module, and so S' is a Noetherian 
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ring. This proves that condition (i) of Theorem 1.8 is satisfied by S. Since 
the quotient field of S equals L, Theorem 1.7 implies that condition (iii) is 
also satisfied by S, and it remains to show that every non-zero prime ideal of 
S is maximal. For this purpose we prove a lemma: 


Lemma 1.22. Under the assumptions of Theorem 1.20, if B is a prime ideal 
of S, then BOR is also a prime ideal of R, and the ring R/(BN R) is a 
subring of S/38. Moreover, if for prime ideals 1, Bo of S we have 


BicP. and PinR= PNR, 
then By = Po. 


Proof : Clearly I = 1 R is an ideal of R. The injection R —> S carries I 
into 8, and so it induces a homomorphism of the factor rings R/I —> S/, 
which is clearly again an injection. Since 8 is prime, S/8 has no zero-divisors, 
and so R/I has the same property, showing that I is a prime ideal. 

Now assume that 81, Be are distinct prime ideals of S, satisfying BiNR = 
P20 R and P, C Po. Take any element x € Po \ PB, and let 


m-1 
i=0 


be its minimal polynomial over R. If all coefficients a; lie in 1M R, then 
z™ € 8) and x € $1, contrary to the choice of x. Therefore there is a minimal 
index j such that a; ¢ $B, NR. Then we have 


a) (2) + dm—1z™ I~ +--+ +a;) € Pi, 


thus 
LF + Amo" I* + Fajr e +a; € Pr C Po. 


But 2” J +--+ + a;412 lies in Po, implying a; € Po2, hence a; € P2 R= 
$81 OR, contrary to the choice of 7. This contradiction proves the lemma. O 


Now it is easy to verify the condition (ii). If 81 is a non-zero, non-maximal 
prime ideal of S, then it is contained in a maximal (and a fortiori prime) 
ideal $2. The lemma just proved shows that the prime ideals $B, 7 R and 
$2 R of R are distinct, but clearly the first of them is contained in the 
second, which is possible only if 81M R = {0}. However in this case we have 
$1 R= {0} R, and the lemma gives 8; = {0}, contradiction. 

Assume finally that R satisfies the finite norm property. Lemma 1.22 
shows that for an arbitrary non-zero prime ideal ‘PB of S' the field kj = S/B is 
an extension of the finite field k = R/p, with p = %N R. Since every element 
of S is a root of a monic polynomial over R of degree not exceeding n, it 
follows that every element of k, is algebraic over k of degree < n. Therefore 
the extension [k, : k] is finite, hence ky is a finite field. This shows that the 
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norm of every non-zero prime ideal of S is finite, and it remains to apply 
Theorem 1.15 to obtain the finite norm property for S. Oo 


Corollary. If K is a finite extension of the field of rational numbers, then 
the integral closure of Z in K is a Dedekind domain with the (FN)-property. 


Proof : This follows from the theorem and the observation that every finite 
extension of Q is separable, and Z is a Dedekind domain with the (FN)- 
property. Oo 


1.2. Valuations and Exponents 


1. In this section we present the definitions and properties of valuations which 
will be needed in the sequel. 

Let K be any field. A homomorphism v of its multiplicative group K* into 
the group of positive reals is called a valuation, if it satisfies the condition 


v(a+y) < v(x) + v(y) 


for all z, y € K*. By putting v(0) = 0 one extends any valuation to the whole 
field K. 

Since from v(1) = v(—1)? follows v(—1) = 1, we get for all « € K the 
equality v(—z) = v(x), and this implies that every valuation v induces in 
K a metric d(z,y) = v(x — y) under which the additive and multiplica- 
tive groups of K become topological groups. In fact, continuity of addition 
is a consequence of v(—x) = v(x), and to check the continuity of multi- 
plication choose a,b € K* and a positive «. If M = max{v(a),v(b)} and 
6 < min{1,¢(1+2M)~+}, then the equalities v(« — a) < 6 and u(y — b) <6 
easily imply v(ry — ab) < ¢. Finally, the continuity of the inverse in K™ fol- 
lows from v(z~!) = v(x)~+. Hence K becomes a topological field. Note that 
it is not necessarily complete or locally compact, as is shown by the example 
of the field Q of rational numbers under the valuation v(x) = |z|. 

The valuation defined by v(x) = 1 for all x € K™ is called the trivial 
valuation. It induces the discrete topology. 

Two valuations are said to be equivalent if they define the same topology. 
The connection between such valuations is given in the following proposition: 


Proposition 1.23. If v and w are equivalent valuations of a field K, then 
with a suitable positive a one has the equality w(x) = v(x) for alla ec K. 


Proof : If v(a) = 1 for all x £0, then v induces the discrete topology, and so 
w(x) = 1 must hold for all x 4 0, since the existence of an element x with 
0 < w(x) 4 1 would imply either limz” = 0 or lima~” = 0. Assume thus 
that v is non-trivial, choose 29 with v(x%o) > 1, and put 
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log w(xo) 
a= ———. 
log v(x) 
Note that the sets {c €¢ K: v(x) > 1} and {x € K: w(x) > 1} coincide, 


since they are formed by those elements x € K for which x~” tends to zero 
in the induced topology. Now fix a non-zero x € K, put 


ps log w(x) Pre es log u(a) . 

log w(xo) log v(x) 
and let r = m/n be any rational number larger than b;. Then w(z?”) > w(x”), 
whence w(xg'z~”) > 1, and thus o(a2f'z~") > 1, ie, v(x”) > v(x") and 
r > bg. Thus 6; > be, and by symmetry we get bz > by, thus by = be, showing 
that the ratio log w(«)/log v(x) does not depend on x, and our assertion 
follows. oO 


If a valuation v satisfies the condition 


v(x + y) < max{v(z), o(y)} (1.3) 


for all z,y € K, then it is called a non-Archimedean valuation. Otherwise it 
is called an Archimedean valuation. 


Proposition 1.24. If v is a non-Archimedean valuation and v(a) # v(b), 
then 
v(a + 6) = max{v(a), v(b)}. 


Proof : Assume v(a) < v(b). Then v(a +b) < v(b), but on the other hand we 
have 
v(b) = v((a + b) — a) < max{v(a + bd), v(a)}, 


and since the inequality v(b) < u(a) is ruled out, we must have v(b) < v(a+b). 


The traditional formulation of the Archimedean axiom runs as follows: 


(A) Ifa and b are non-zero elements of K, then with a suitable positive 
integer n we have v(na) > v(b). 


(Here and below we identify the natural number n with the sum of n 
copies of the unit element of the field). 

The non-Archimedean valuations are exactly those which disobey the ax- 
iom (A). This is contained in the next proposition. 


Proposition 1.25. If v is a valuation of a field K, then the following pro- 
perties are equivalent: 


(i) v is non-Archimedean, 
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(ii) For every positive integer n one has v(n) < 1, 


(iii) There exists a number B > 0 such that for every positive n one has 
u(n) < B, 
(iv) uv does not satisfy (A). 


Proof : (i) = (ii). Inequality (1.3) implies u(n) < v(1) = 1. 

(ii) => (iii). Obvious. 

(iii) > (iv). For every positive integer a we have v(na) = v(n)u(a) < 
Bv(a), whence if we choose 6 so that v(b) exceeds Bu(a), then (A) will fail. 


Such a choice is always possible for non-trivial v, since v(x) > 1 implies 
limm_—+co v(2™) = oo. If, however, v is trivial, then (A) clearly does not hold. 


(iv) = (ii). Choose a,b so that for all positive integers n we have u(na) < 
v(b). Then u(n) < v(ba~"). If, for some no, v(no) > 1 holds, then with a 
suitable k we have v(nk) > v(ba~'), a contradiction. 


(ii) => (i). Let a,b be elements of K. If at least one of them is zero, then 
the assertion becomes obvious, so assume that b 4 0. Clearly we have 


n 


v((a+b)") < ye ((Z) ater) < So v(a)*u(o)"*. 


k=0 
Now, if k = 0,1,...,n and v(a) < v(b), then we get v(a)*u(b)"-* < v(b)”, 
and if v(b) < u(a), then v(a)*u(b)"~* < v(a)”, thus in any case we arrive at 
u((a+)") < (n+ 1) max{v(a)”, o(b)"}, 
hence 
v(a +b) < (n+ 1)/" max{v(a), v(b)}, 
and (1.3) follows. O 


Corollary. If the field K has a non-zero characteristic, then all its valuations 
are non-Archimedean. 


Proof : The set {1,1+1,1+1+1,...} being finite, the condition (iii) is 
obviously satisfied. Oo 


2. A valuation v is called discrete if the set of values of log v is discrete. Such 
valuations are closely connected with the exponents of K, i.e., surjective 
homomorphisms v: K* — Z which satisfy the condition 


v(a + b) > min{v(a), v(b)} (1.4) 


for all non-zero a,b € K. 
If 0 <c <1 and py is an exponent of K, then v(x) = c’) is a discrete 
valuation of K, non-Archimedean by (1.4). Conversely, one can easily see 
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that every non-trivial discrete non-Archimedean valuation can be obtained 
in such way from a suitable exponent. 

There is a standard way of constructing exponents in the field K of quo- 
tients of a Dedekind domain R. Take any non-zero prime ideal P of R, and 
let x be a non-zero element of K. We may write cR = P”‘*)I where v(x) € Z 
and I is a fractional ideal whose decomposition into prime ideals does not 
contain P. In this way one defines a function v(x) which is an exponent of K. 
One may define a valuation using that exponent in many ways, depending 
on the choice of c in the formula v(x) = ce’). However, in the case when R 
satisfies the finite norm condition it is convenient to make a particular choice 
of c, namely c = N(P)~}. In this case we speak of a normalized valuation 
corresponding to P, and denote it by vp. 

Note that different prime ideals P,, P2 induce non-equivalent valuations. 
In fact, if cz, € PP \ Po, then x, tends to zero in the topology induced by 
up,, but not by vp,. 

The topology induced in K by the valuation vp is called the P-adic topol- 
ogy. In the ring of rational integers every prime ideal is generated by a rational 
prime p, and the resulting topology is called the p-adic topology. 

For an arbitrary exponent v of K put 


R,={xeEK: v(x)>0} and P,={zeK: v(x) > 0}. 


Theorem 1.26. The set R, is a principal ideal domain (hence Dedekind) 
and P, is its unique non-zero prime ideal. It is generated by every element 
aw € K, satisfying v(x) = 1, and fork =1,2,... one has 


PR =a*R, ={aeK: v(a) >k}. 


Proof : It follows from the definition of the exponent that R, is a ring, and 
P, is an ideal in R,. If a is a non-zero element of R, \ P,, then v(a) = 0, thus 
v(a~') =0 and a~! € R,, ie., a is invertible. This shows that P, consists of 
all non-invertible elements of R,, and so it is the only maximal ideal of R,. 
To show that P, is principal consider any element 7 with v(m) = 1. Obviously 
mR, C P,, and for every a € P, with, say, v(a) = m we have an—™ € R,. 
Thus 
a=n™(ar™)eEn™R, CrR,, 


whence P, C 7R,, and finally P, = 7R,. This implies immediately the last 
assertion of the theorem, hence it remains to show that every ideal in R, 
is principal. Let J be a non-zero proper ideal of R,. Since P, is the unique 
maximal ideal, we have I C P,. As the intersection of all powers of P, equals 
the zero ideal we may choose a positive integer N such that I c PN and 
I ¢ PN*1, therefore there exists a € I with v(a) = N. Then a = 7b with 
b € R, and v(b) = 0, and this shows that 6 is invertible in R,. Thus the 
ideals aR, and a R, coincide, but 
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PN =aNR, =aR, CI, 


and we obtain J = P. It follows that I is principal. O 


The ring R, is called the exponent ring of v, and if v is a valuation induced 
by v, then R, is also called the valuation ring of v. Similarly, the ideal P, is 
called the ideal of the exponent v (or the valuation ideal of v). 

We shall now consider more closely the case when v is the exponent 
induced by a prime ideal of a Dedekind domain. 


Proposition 1.27. Let R be a Dedekind domain with field of quotients K, 
let P be a non-zero prime ideal of R, and let v be the exponent induced by P. 
Then we have: 

(i) RL ={a/be K: ac R,bER\PhandP={a/be K:acP,be 
R\ P}, 

(ii) P?>N R= P™, (m=1,2,...), 

(iii) P?"? = P™R,, (m =1,2,...), 

(iv) The factor-rings R/P™ and R,/P?" are isomorphic for m = 1,2,..., 

(v) The intersection of the rings R,, taken over all non-zero prime ideals 
P of R, equals R. 


Proof : (i) If a,b € R, b ¢ P, then v(a/b) > 0, hence a/b € R,. If z € R,, 
then we can write zR = IJ~', where I,J are ideals of R and P { J. By 
Corollary 6 to Proposition 1.14 there is an ideal A C R not divisible by P, 
for which the product AJ is principal. Then xR = (AI)(AJ)~1, both ideals 
AI and AJ are principal, and if AI = aR, AJ = bR, then b ¢ P, and with 
a suitable c € R we get x = ac/b. This establishes the first equality, and to 
obtain the second it suffices to observe that if 7 is an element of P \ P?, then 
Theorem 1.26 shows that P, = 7R,. 
(ii) This assertion follows from the observation that 


P™={aeR: v(a)>m}. 


(iii) Theorem 1.26 shows that P, = 7R, with t € P\ P?, thus P, C PR,. 
On the other hand, every x € PR, can be written as x = a,b; +:--+a,b;, with 
a; € R, v(a;) > 1 and b; € K, v(b;) > 0. Hence v(x) > min; {v(a;b;)} > 1. 
This implies z € P,, hence PR, C P,. Thus PR, = P, follows, and the 
equality P7” = P™R, results immediately. 

(iv) In view of the embedding P™ Cc P™R, = P’ the embedding RC R, 
induces a homomorphism f: R/P™ —> R,/P%”. We shall now show that f 
is an isomorphism. Let a € R/P™, a € G, and assume that a € Ker f. Since 
f(@) is the coset mod P” determined by a in R,, we have a€ P™R,NR= 
P™ in view of (ii), thus @ = 0. So f is an embedding. 

Now let a € R, and put r = v(a). To prove that f is surjective it suffices 
to find z € R satisfying a— x € P!”. If r > m, then we can take x = 0, so 
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assume r < m. By (i) we may write a = a,/a_ with a; € R and a2 € R\ P. 
By Corollary 1 to Proposition 1.14, the congruence ax = a; (mod P™) has 
a solution in R, and for this solution we have 


v(a— £) = (a, — ax) — v(ag) > m, 


ie.,a—2 € P, and f(x mod P™) =amod P, proving the surjectivity 
of f. 

(v) The inclusion R C ()R, is obvious, and if a € K is such that for all 
prime ideals of R the corresponding exponents are non-negative at a, then 
aR is an ideal of R, whence a € R. O 


3. In this subsection we shall prove the weak approximation theorem for valu- 
ations, due to Artin and Whaples [45], which can be regarded as an abstract 
version of the Chinese remainder theorem, to which it reduces in the case 
when all valuations occurring in its statement are induced by prime ideals of 
a Dedekind domain R with quotient field K, and the elements a; belong to 
R. 


Theorem 1.28. Let v1,...,v, be non-equivalent and non-trivial valuations 
of a field K, let ai1,...,a¢ € K, and let € > 0 be given. Then there exists 
a€K such that fori =1,2,...,¢ one has u;(a — ai) <e. 


Proof : We follow the argument of Artin and Whaples: 


Lemma 1.29. Under the assumptions of the theorem there exists x € K with 
v1(2) > 1 and v;(x) <1 fori=2,3...,t. 


Proof : First let t = 2. Since v; and v2 are inequivalent, there exists a sequence 
{£n} such that v2(x,) tends to zero, whereas v1(%n) > 6 holds for a certain 
fixed 6 > 0. Select c € K with vi(c) > 1/6. If we take n to be sufficiently 
large, so that vo(%n) < ve(c)~* holds, then for a = crn, we get 


v2(a) = v2(c)v2(an) <1 and v1(a) = vi(c)v1(@n) > 1. 


In the general case we proceed by induction, and assume that t > 3 and 
the lemma is true for all systems of t — 1 valuations. Choose a,b € K so that 
the inequalities 


vi(a) >1, vj (a)<1 (9 =2,3,...,¢-1), 

v1(b) > 1, (b) <1 
are satisfied. If v:(a) < 1, then for sufficiently large n the element x = a”b 
fulfils our assertion, and if v;:(a) > 1, then define z, € K (for n = 1,2,...) 
by 2, = a"b(1+a")—!. For j = 2,3,...,¢t—1 we obtain 
vj(a)"vj(6) — vj(a)"v4(0) 


*i) = tan) = 1—a(a)*’ 
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and for 7 = t we obtain 
vi(an) < ve(a)"v4(b)(ve(a)” — 1). 


In both cases, for sufficiently large n, the right-hand side of the inequalities 
is less than 1, since if y%:(a) > 1, then 


Moreover, we have 
v1(&n) > vi(a)"v1(b)(1 + v1 (a)")", 


and we see that for large n the element z,, satisfies our needs. = 


Lemma 1.30. Under the assumptions of the theorem there exists an element 
y € K satisfying 


u(y—1)<e and uj(y)<e (7 =2,3,...,¢). 


Proof : The preceding lemma gives the existence of a € K with v1(a) > 1 
and v;(a) <1 for j = 2,3,...,¢. It suffices now to put y = a”(1+a”)~? with 
n sufficiently large. O 


The theorem follows now easily. Let M be a positive integer exceeding 
max;,; vj(a;), and choose x; € K satisfying 
€ 


u;(a; — 1) < iM 


€ cea 
iM’ v3 (ai) < (j #4) 
fori=1,2,...,¢. The element a = ey a,x; satisfies our assertion. E] 


Corollary. Let v1,...,v; be non-equivalent and non-trivial non-Archimedean 
valuations of a field K. If non-zero aj,...,a € K are given, then there exists 
zéK satisfying v;(x) = v;(a;) for j = 1,2,...,t. 


Proof : Applying Theorem 1.28 with « = min, v;(a;) we get an element 2 € K 


with v;(—a,;) < € for j =1,2,...,¢. If for a certain j we had v;(x) 4 v;(a;), 
then by Proposition 1.24 we would have 


v;(a — aj) = max{v; (2x), vj(aj)} = v;(aj) 2 €, 


contradicting the choice of z. O 
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4, We conclude this section with a description of all valuations of the field Q 
of rational numbers. In Chap.3 we shall describe valuations of finite extensions 


of Q. 


Theorem 1.31. [fv is a non-trivial valuation of Q, then either v is equiva- 
lent to the ordinary absolute value |a| or it is equivalent to one of the p-adic 
valuations induced by rational primes. 


Proof : Assume first that v is Archimedean. Let m,n > 1 be integers, and 
write 
m=agotaynt+:::+a-n" 


with integers 0 < a; <n and non-zero a,. Then 
v(m) < v(ao) +++» + (a, )v(n)", 


and since for all positive rational integers N we have 


N 
vo(N) < dr) =N, 


it follows that 
v(m) < n(1 + v(n) +--+ + 0(n)") < n(r + 1) max{1, v(n)’}. 
However, n” < _m and so r < logm/logn, implying 
log m 


< logm/ log n : 
v(m) <n (1 + ee] max{1, v(n) } 


Now put m = M* with a fixed M > 1, extract the kth roots of both sides, 
and let & tend to infinity. In this way we get the inequality 


v(M) < max{1, vo(n)8 M/ er}, (1.5) 


valid for every pair M,n of integers larger than 1. Since v is Archimedean, 
we may choose M with v(M) > 1, and obtain 


v(n)°8 M/logn ae 


which proves u(n) > 1 for all integers n > 1. But this together with (1.5) 
implies 
v(M) x v(n)le8 M/logn >1, 
i.e. 
log v(M) 2 log v(n) 
log M ~ logn 
for all integers M,n > 1. Interchanging M and n we finally obtain that the 
ratio 
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log v(n) 


logn 
does not depend on n, i.e., for all integers n > 1 we have v(n) = n° with 
a certain constant c. This implies v(z) = |z|° for all rational x, and so v is 
equivalent to the usual absolute value. 

Now let v be non-Archimedean. By Proposition 1.25 we have u(n) < 1 for 
all integers n. Let A be the set of all those integers n for which v(n) < 1. If 
A = {0}, then v is trivial, which case we excluded. Thus A is a non-zero, and 
since 1 ¢ A we get from (1.3) that A is a proper non-zero ideal in Z, thus 
A= mZ with a suitable positive integer m. Since obviously m is the smallest 
positive element of A, it must be prime, because a factorization m = rs 
with r,s > 1 would imply 1 > v(m) = v(r)v(s) = 1, which is impossible. Put 
v(m) = a and denote by v the exponent induced by the prime ideal mZ. Then 
v(z) = a”), hence v is a p-adic valuation induced by the prime p=m. OU 


Corollary. If v is a discrete valuation of a field K, then it is non-Archi- 
medean. 


Proof : Assume that v is Archimedean. Corollary to Proposition 1.25 implies 
that K is of zero characteristic, and thus contains Q. The restriction of v to 
Q must be Archimedean, and so by the theorem it must be equivalent to |z|, 
whence non-discrete. O 


1.3. Finitely Generated Modules 
over Dedekind Domains 


1. We shall now be concerned with the structure of finitely generated modules 
over a Dedekind domain R with the field of quotients K. This structure is 
described by the following result, essentially due to Steinitz [12]: 


Theorem 1.32. Let M be a finitely generated R-module, and let A be its 
submodule consisting of all torsion elements, i.e., of all elements « € M 
which, for some non-zero r € R, satisfy re = 0. Then M can be written as a 


direct sum 
M=RoleA, 


where k is a non-negative integer, and I is an ideal of R. 


For the proof of this theorem we shall need various results concerning 
projective modules over commutative rings, not necessarily Dedekind. 

If R is a commutative ring with unit element 1, then an R-module M is 
called projective if every diagram of the form 
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M 
| 


A—- B—-0 


with exact row and arbitrary R-modules A, B can be embedded in a commu- 
tative diagram 
M 


xv 


A— B—;0. 


Proposition 1.33. The direct sum P = @ P, of R-modules is projective if 
and only if every summand P, is projective. 


Proof : Denote by i, the canonical injection of P, into P and by pg the 
canonical projection of P onto P,. Assume now that P is projective, the 
sequence A —> B —> 0 is exact, and f : P, —> B is a homomorphism. 
Then f1 = f opq is a homomorphism of P into B, hence, by our assumption, 
there exists a homomorphism g: P —>+ A such that the diagram 


P 
Lg Lf: 


A —B—->0 


commutes. Now it suffices to observe that the mapping h = g oi, makes the 
diagram 
Pa 
Ln tf 


A —B—>0 


commutative, and so P, is projective. 

To prove the second part of the proposition assume that all modules P, 
are projective, the sequence A —>+ B —> 0 is exact, and a homomorphism 
f: P — Bis given. Then f, = f ot, maps P, in B, hence with a suitable 
Ja: Py — A the diagram 


Pa 
z Ja fa 


A —B—>0 


commutes. The projectivity of P follows now from the observation that the 
map h = ®gq makes the diagram 


P 
Ln tf 


A —B—0 


commutative. O 
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Corollary. Every free R-module if projective. 


Proof : As every free R-module is a direct sum of R-modules R, it suffices to 
establish the projectivity of R. Let f : R —- B be a homomorphism, and 
let the sequence A-2+ B —> 0 be exact. If f(1) = 6 and a is any element 
of A with g(a) = b, then the map h: R —> A given by h(x) = xa has the 
required property. O 


The properties of an R-module equivalent to its projectivity are estab- 
lished in the following simple proposition: 


Proposition 1.34. The following properties of an R-module M are equiva- 
lent: 


(i) If the sequence 0 —> A —> B —> M —> 0 is exact, then A®DM ~ B, 
(ii) M is a direct summand of a suitable free R-module, 


(iii) M is projective. 


Proof : (i) = (ii). The module M is a homomorphical image of a free module 
F, and so for a suitable N the sequence 0 —> N —> F —> M —> Ois 
exact. By (i) we have F~ MON. 

(ii) => (iii). If M@ N ~ F and F is free, then by the Proposition 1.33 
and its Corollary we get the projectivity of M. 

(iii) > (i). Assume that the sequence 


=> A35 B-3w 30 


is exact. Condition (iii) implies the existence of f : M —+ B making the 


composition M +.B su the identity map. Obviously f is an injection. If 
x € B, then fop(x) = y liesinIm f ~ M. Moreover p(x—y) = 0, thus x—y 
lies in the image of 7, and we may write x = z+ y with z € Im i. Finally we 
see that Im f NIm2z = 0, since for e € Im f M Imi = 0 one has « = f(u) 
with some u € A and p(x) = 0, giving u = p(f(u)) = 0. Thus x = f(0) = 0. 
This implies B ~ Imi @Im f, which in turn implies B~ A® M. O 


Another characterization of projective modules is provided by the next 
result: 


Proposition 1.35. An R-module M is projective if and only if there exists 
a system (at)ter of elements of M and a family (fi)zer of homomorphisms 
of M into R such that every element a € M can be written in the form 


a= s Fila)at, (1.6) 


teT 


where only for finitely many t one has f(a) # 0. 
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Proof : Assume first that M is projective, and let F be any free R-module 
whose image by a homomorphism, say f, is M. Proposition 1.34 (i) shows 
that M is a direct summand of F’, and so, with a suitable homomorphism 
i: M —+ F, we have f oi = the identity on M. If (zz)ter is a system of 
free generators of F’, then for every a € M we have 


i(a) = S> frla)ae 
t 
with some f(a) € R. Putting a; = f(x) we get 


a= y fi(a)az 


with only finitely many non-zero summands. Since, obviously, the maps f; : 
M —» R are homomorphisms we arrive at our assertion. 

To prove the converse assume that each a € M has the form (1.6). Let 
F be the free R-module with free generators «, (t € T), and define a homo- 
morphism f: F —> M by putting f(a,) = a. If now g: M —> F is given 


by 
g(a) = 0 fla) 


for a = >-, f:(a)az, then the composition M—2+ Po equals the identity, 
showing that M is a direct summand of F’, which allows us to conclude, by 
Proposition 1.34 (ii), that M is projective. 0 


Our next proposition connects the notion of projectivity with concepts 
developed in Sect. 1. 


Proposition 1.36. If R is a domain and I is a non-zero ideal in R, then I 
is projective as an R-module if and only if it is invertible. 


Proof : Let I be an invertible ideal in R, i.e., JJ~! = R. Then, with suitable 
Q1,...,Qn € I and 24,...,2n € I~! we have 


n 
> rya; = 1. 
i=1 


If we now define, for t = 1,2,...,n, homomorphisms f; of I into R by f;(x) = 


xrxz, then 
SO filw)ar = So wxrae =, 
t t 


and so, by Proposition 1.35, I is projective. 

Conversely, assume I to be projective. The previous proposition implies 
the existence of a set of elements (a:)ze7 and homomorphisms (ft)ter of I 
into R such that every element x of J can be written in the form 
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c= SS filx)at 


with only a finite number of non-zero summands, Observe that for z,y € I 
we have 


yfi(z) a fi(yx) = fi(zy) = rfi(y), 


and so the ratio z, = f;(x)x~+ is, for non-zero z € J, an element of the 
quotient field K of R, independent of the choice of x. Moreover z;J C R, thus 
x, € I’, and for any fixed x € I only finitely many elements f;(x) = xa are 
non-zero, whence only a finite number of x;’s do not vanish, say %1,...,2n- 
Thus for any x € I we obtain an equality of the form 


n n n 
L= Se fe(a)ay = So xara me S> weae, 
t=1 t=1 t=1 
which implies 
n 
l= S > arae, 
t=1 
andso RCII'C R,ie., R=II' and I is invertible. fl 
Corollary. In a Dedekind domains all non-zero ideals are projective. 
Proof : In fact, all non-zero ideals of R are invertible, O 
To prove Theorem 1.32 we need two lemmas: 


Lemma 1.37. Let R be a domain in which every ideal is projective. If M is 
a finitely generated R-module contained in a free R-module F’, then M can 
be represented as a direct sum of a finite number of ideals of R. 


Proof : Observe first that M is contained in a finitely generated free R- 
module. Indeed, if a1,...,@m generate M, then the set of free generators of 
F occurring in the canonical form of those elements is finite, and consists, say, 
of elements 21,...,%n. The R-module generated by 21,...,2n is obviously 
free and contains M. 

Now we apply induction in n. For n = 0 there is nothing to prove. Assume 
thus the truth of our lemma for all R-modules contained in a free R-module 
with n—1 free generators. Let M be a R-module contained in a free R-module 
F,, with n free generators 21,...,%, and let F,_1 be the free R-module 
generated by the first n — 1 of them. Every element x of M can be written as 
424 ++-+++7rntn with r; € R, and the map f: r++ Tr, is a homomorphism 
of M into R. Since the sequence 


0— Ker f — M—Im f—0 
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is exact, and Im f is an ideal of R, projective by assumption, we may apply 
Proposition 1.34 to obtain M ~ Im f ® Ker f. This implies that Ker f 
is finitely generated, being a homomorphic image of M,; and since Ker f C 
F,,-1, we may apply the inductional assumption to find that Ker f is a direct 
sum of ideals of R. Since Im f is also an ideal, the lemma follows. Oo 


Lemma 1.38. For every domain R any finitely generated and torsion-free 
R-module M is a submodule of a free R-module. 


Proof : Write M = Ra,+---+ Rap, and let K be the field of fractions of R. 
Then Ka, +---+ Kan = M ®@ K is a finite-dimensional linear K-space. If 
Y1,--+,Ym is its basis, then with suitable r;; € K we may write 


m 
“= So rinys (i =1,2,...,n). 
j=l 


Now let q be a non-zero element of R satisfying qri; € R for all i and j. Then 
M = Ray +--+ + Raty C Rys/q+-++ + Rm/4, 


and on the right-hand side of this inclusion we obviously have a free R- 
module. Oo 


Proof of Theorem 1.32: Let M be a finitely generated module over a Dedekind 
domain R, and let A be its submodule consisting of all torsion elements of M. 
The factor-module MM, = M/A is torsion-free and finitely generated. Hence 
the Corollary to Proposition 1.36 and Lemmas 1.37, 1.38 imply that Mj, is a 
direct sum of ideals of R. The same corollary jointly with Proposition 1.33 
shows that Mj is projective, and so the exactness of the sequence 


0—- A—- M—M,—> 0 
gives, in view of Proposition 1.34, the decomposition 
M~AOM,~AOI®@:::@Im, 


where Jy,..., J are ideals of R. 
Now we prove that with a suitable ideal J C R we have 


O61, RCSL 


For this purpose it suffices to show that for any pair J, Jo of ideals of R 
there exists an ideal J such that J; 6 Jo ~ R@® J. First we show that there 
is an ideal J{ of R which is isomorphic to J; as an R-module, and satisfies 
(Jj, J2) = R. Choose A C R so that the ideal JA = aR is principal and 
(A, Jo) = R, which is possible according to Corollary 6 to Proposition 1.14. 
Write A = LES P*, and choose b € R so that for i =1,2,...,t one has 
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be tee \ pat 


and b = 1(mod Jz). Then bR is divisible by A, hence we may write bR = AJj 
with some ideal Jj, relatively prime to J. Finally we get 


aJ; = AS; = bJ1, 


which shows that J; ~ bJ, = aJ{ ~ Jj, as required. 
Now consider the exact sequence 


0 JEN Jg — Ji @ Jg — Ji + Jp — 02. 


Since the ideals Jj and J2 are relatively prime, Proposition 1.13 (ii), (iii) shows 
that this sequence can be written as 


0 — Ji Jog — J, ® Jo — R—- 0, 
and the projectivity of R implies finally 
1 O@J2~ Ji OP Jg~ ROI Jo 
as asserted. As we have seen above, this establishes the theorem. O 


Corollary. Every non-zero finitely generated and torsion-free module over 
a Dedekind domain is projective. 


Proof : Follows from the theorem, Proposition 1.33 and the Corollary to 
Proposition 1.36. 


2. Now we shall consider the question of uniqueness of the direct summands 
occurring in Theorem 1.32. Since the torsion submodule A is clearly unique, 
we may assume that our module is torsion-free. 


Theorem 1.39. If R is a Dedekind domain and M,, M2 are torsion-free 
R-modules written in the form 


M=h98::-OIn, Mz=108---@dn, 


where I;, J; are fractional ideals of R, then M, and M2 are isomorphic if 
and only ifm =n, and with a suitable element a of the field K of quotients 
of R one has 

Teh Te See oda 


Proof : The sufficiency of the condition given was already established in the 
last part of the proof of the preceding theorem. To prove its necessity assume 
that the modules M, and Mp2 are isomorphic. The embedding of R in K 
induces an embedding of MM] in K™ and of M2 in K”, and obviously My 
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spans K™ and M2 spans K”. The isomorphism of M, onto M2 extends to a 
K-isomorphism of the spanned spaces, and so m = n. 

To prove the remaining part of the theorem we assume that all ideals J, 
J; contain the ring R. In fact, if I is one of those ideals, then with a suitable 
non-zero a in K we have, say, R C al = I'. The mapping x +> az shows that 
I ~ I', whence 


M~I.@::-el., Mz~ J, ®-++@Ji,. 


If we prove the theorem in this case, then we shall have Ij --- I), = cJ{--- J}, 
with some c € K, and this obviously implies the equality ---Im = 
dJ,---Jm with a suitable d € K. 

Now let f be an isomorphism of M onto Mo, and let f, be its restriction 
to I,. If 1, € I, is the unit element of R, then denote its image f,(1,) by 
[Qr1,---,@rm], with a,; € J; (i = 1,2,...,m). We shall establish the equality 


J, = A151, +--+ +Amslm (s =1,2,...,m). 


Note first that if a, z and az all lie in I,, then f,(xa) = xf,(a). Indeed, if 
x = A/B with A,B € R, then 


Bf,(ax) = Bf,(aA/B) = f,(aA) = Af,(a), 
hence A 
f-(xa) = Birla) = «f,(a). 


If we denote by p, the projection of M2 onto J,, then in view of 
m m 
F(le1,---.m)) = >> Aes) = Das fe(ha), 
i=1 i=1 
we obtain the following chain of equalities: 


m m 
So aisli = {3- AjsLj: Li E a 
i=l i=l 


={ps(fi(li)vi ++::+fm(Im)&m): vi € Lj} 
={pa(f((r1,---;%m]))}: 2: € Lj} = Jp. 


Now, if C = det[a;;] = }> p sgn P: Ap is the expansion of the determinant 
of [a,;], then, multiplying all the equalities just obtained, we get 


which implies 


32 1. Dedekind Domains and Valuations 


From this we shall now deduce the inclusion Cl, --- Im, C Jy +++ dm. Let 


P be any permutation of m letters, and let x; € J; for i =1,2,...,m. If 
_ jsgnP-2, fori=1, 
ae 7 for i = 2,...,m, 

then 


Apyt ++ Ym = sgn P+ Apay-++%m € Aply +++ Im C Sa-+- Im; 


and so the sum 
S sgn P -Ap®1--+Xm, 
P 


which equals Cx, --- Xm, lies in Jy --- Im. 
If we now exchange the roles of M, and Mo, we get Ci J, ---Jm CIh-+-Im, 
where C; is the determinant of the matrix [b;;| defined by 


Ir (er) = [br1, teeny Gienl 


where e, € J; is the unit element of R, and g, is the restriction of g, the 
mapping inverse to f, to J;. One sees easily that the matrices [a;;] and [b;,] 
are inverses of each other, and so C'C; = 1, which at once implies the equality 
Tyee+Im = CJ +++ Im. oO 


Corollary. If A,B are ideals in a Dedekind domain R, and M is a finitely 
generated torsion-free R-module such that A® M and B® M< are isomorphic, 
then A and B are isomorphic. 


Proof : Theorem 1.32 implies that M ~ R” @I with a certain n > 0 and an 
ideal I of R, therefore 


A®R"OGI~ BOR OT,7 
and it suffices to apply Theorem 1.39. Oo 


3. To conclude the study of finitely generated modules over Dedekind do- 
mains we shall now consider torsion modules, and start with the case of a 
principal ideal domain. 


Proposition 1.40. If R is a principal ideal domain and M is a finitely 
generated non-zero torsion R-module, then for some n > 1 there exist ideals 
th,...,In of R such that 


M~ Dri/ty. 
j=l 


Proof : For any non-zero prime ideal P of R denote by M(P) the submodule 
of M consisting of all elements of M which are annihilated by some power of 
P, ice. 
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M(P)={meéeM: P'm=0 for acertain r > 1}. 
Since R is a principal ideal domain we have equivalently 
M(P)={meM: n’m=0 for acertain r > 1}, 


where 7 is a generator of P. First we show that M = @p M(P), where P 
runs over all prime ideals of R. Let m € M be non-zero, and let 


Ann(m) = {re R: rm=0} 


be its annthilator. It is a non-zero ideal, hence we can find irreducible ele- 
ments 77,...,7s generating distinct prime ideals, and also exponents a; 2 1 
(i = 1,2,...,s8) so that Ann(m) = nf" ---19°R. Since R is a principal ideal 
domain, and the elements 


py = (WP ome) (F298) 


do not have a non-unit common divisor, thus we may find t1,...,¢, in R 
satisfying )7j_, tio; = 1. This implies 


m= Sere € 5 M(niR), 
i=l i=l 


because p,m is annihilated by 7. This shows that M = }° p M(P), but since 
only the zero element can be annihilated by two relatively prime elements, 
the sum }>p M(P) is direct, and M = @p M(P) follows. Since the Corollary 
to Proposition 1.2 implies that M is a Noetherian module, there can be only 
finitely many non-zero terms M(P) in the sum in question. 

It follows that it suffices to consider modules of the form M(P) with a 
suitable prime ideal P. Note that for such modules M their annihilator 


Ann(M) = () Ann(m) 


must be a power of P, because Ann(m) is a power of P for non-zero m € M. 
Therefore, let Ann(M) = 7'R, where 7 is a generator of P and t > 1. Let 
M1,...,™Mny be a set of generators of M. We use induction in the number 
n of generators. If n = 1, then M is an epimorphic image of R, and hence 
M ~ R/I with a suitable ideal I of R. Assume now that our assertion holds 
for all modules having at most n—1 generators. Obviously at least one of the 
generators m, satisfies Ann(m;) = 7’R, and we may assume that this holds 
for i = n. The factor-module M/m,,R has less than n generators, whence we 
may write 


M/m,R = an f(e,R, 
i=l 


where z1,..., 25 are suitable elements of M, and f : M —+ M/m,,R denotes 
the natural map. Put Ann(f(az;)) = 7%R (¢ = 1,2,...,8). Then rj < t 
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and with suitable k; > 0 and a; € R\ aR we have ra; = r*aymy (i = 
Ly 2 yei 8) 
Because of 


t—ritk 


mae een i 
0O=1'2;=7 *a;Mn 


we infer that kj > r;. Putting y; = 2; —1**—"*aymn, we obtain r”‘y; = 0 and 
F(y:) = f(x). This gives 


Ann(f(z;)) =2"'R C Ann(y;) C Ann(f(y;)) = Ann(f(z:)), 
thus Ann(f(y;)) = Ann(y;). It follows that the restriction of the map f to 
y:R is an isomorphism for i = 1,2,...,s, and because of 


f(mR+--+y.R) = M/m,R = QP f(wi)R 
t=1 


f maps y,R+---+y,R isomorphically onto @;_1 f(y:)R, and so the sum 
3-1 uf is direct. This leads to 


M=m,R8 Dur, 


i=1 


and applying the inductional assumption we arrive at our assertion. O 
Using the proposition just proved, we can now describe all finitely genera- 
ted torsion modules over a Dedekind domain. It turns out that their structure 


is not more complicated than in the case of a principal ideal domain. 


Theorem 1.41. If R is a Dedekind domain and M a non-zero finitely ge- 


nerated and torsion R-module, then there exist ideals I,,...,In of R such 
that a 
M~ QR/I,. 
j=l 


Proof : The set [= {r€R: rm=0 for all m € M} is a non-zero ideal in 
R, and we can regard M as an R/I module via 


r(mod J)-m=rm (réR,meM). 


Write : 
I= Il Be 
j=l 
with distinct prime ideals P,,...,P, and a; > 1. Theorem 1.15 implies 


t 
R/I~ @DR/P, 


j=l 
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and to utilize this decomposition we need the following auxiliary result: 


Lemma 1.42. If a commutative ring S with unit e is a direct sum of its 
subrings S; (with units e; ) 


t 
S=QS;, 
j=l 
then every S-module M can be written in the form 


t 
M =@M,;, 


=1 


a. 


where M,,..., My are S-modules, and fori # Jj and s; € S; we have s;M; = 
0. 


Proof : Clearly we have e = e; + ---+e;. Put M; =e,;M for j = 1,2,...,t. 
Then for i 4 j and s € S; we have sM; = 0. Since for a in M 


a=eat-:-+ea (1.7) 


and eja € M, the sum of the modules M; equals M, and it remains to show 
that this sum is direct, i.e., the decomposition (1.7) is unique. This can be 
seen in the following way: if a = m ,+---+m; with m,; € M; (¢=1,2,...,t), 
then m; = e;x; for suitable x; € M;, thus 


Y , S ee 
eja = ejm; = CjE;X;, = C; 7 = €j Lj = Mj, 
i=1 


hence our decomposition coincides with (1.7). Oo 


We apply the lemma for S = R/I, S; = R/ pe , and obtain the equality 


M=@M,;, 


jl 


where each M, can be regarded as an R/ ne -module, and for i  j one has 
(R/P5*)M; = 0. 

To conclude the proof it is sufficient to show that every finitely generated 
R/P%-module N (where P is a prime ideal of R and a > 1) is isomorphic 
to the direct sum Bj-1 R/P®: with a certain t > 0 and 1< 6; <a. If Rp 
denotes the valuation ring induced by the P-adic valuation, then by Propo- 
sition 1.27 (iv) the rings R/P® and Rp/(PRp)* are isomorphic. Thus N 
becomes an Rp-module with the property (PRp)*N = 0. Since by Theorem 
1.26 Rp is a principal ideal domain, Proposition 1.40 is applicable, and we 
see that 
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t 
N~ @Re/I; 
j=l 

with suitable ideals I; of Rp. Theorem 1.26 implies that each J; is a power 
or PRp, and owing to (PRp)*N = 0 we must have J; = (PRp)% with 
1 < 8; < a. Since R C Rp, we can regard Rp/I; as an R-module, and 
since the ring-isomorphism of R/P® and Rp/(PRp)* is also an R-module 
isomorphism, we obtain finally 


t 
N~@R/P%, 


j=l 


as asserted. O 


4. We conclude this chapter with the introduction of the notion of the class- 
group of a Dedekind domain, which will play an important role in the sequel. 
Its definition is based on the following simple result: 


Proposition 1.43. If R is a Dedekind domain and I, ~ Iz, Jy ~ Jo are two 
pairs of its fractional ideals, which are isomorphic as R-modules, then the 
products I,J, and IgJz are also isomorphic. 


Proof : Since obviously I, @ J, ~ Iz ® Jo, Theorem 1.39 implies the existence 
of a non-zero a € K, the field of fractions of R, such that J, = algJ2, and 
this shows that the map z +> az of IgJ2 onto I,J; is an isomorphism. O 


This proposition implies the compatibility of the multiplication of ideals 
with the partition of all fractional ideals into classes of isomorphic ideals, 
and so permits us to define a multiplication in the set of these classes in 
the following way: if c(I),c(J) are classes containing I and J, respectively, 
then their product is defined by c(I)c(J) = c(IJ). This induces a semigroup 
structure in the set of classes, but one sees easily that it is in fact a group 
structure, because the existence of inverses is implied by the invertibility of 
fractional ideals. 

The resulting group is called the group of ideal classes of R, or simply 
the class-group of R, and is usually denoted by H(R). If it is finite, then the 
number of elements of H(R) is called the class-number of R and denoted by 
A(R). 


For further reference we point out a simple result: 
Proposition 1.44. Every class of ideals contains an ideal of R. 


Proof : If I is a fractional ideal and c € R is non-zero and satisfies cI C R, 
then J and cl lie in the same class. O 
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The importance of the class group is explained by the following result: 


Theorem 1.45. If R is a Dedekind domain, then the following statements 
are equivalent: 


(i) H(R) is the trivial group, t.e., h(R) = 1, 
(ii) R is a principal ideal domain (PID), 
(iti) R is a unique factorization domain (UFD). 


Proof : If H(R) is trivial, then every non-zero ideal of R is isomorphic to R 
as an R-module, hence has the form aR with a certain non-zero a € R, This 
establishes the implication (i) (ii). The implication (ii)—(iii) being clear, 
assume that R is a unique factorization domain. We show first that every 
irreducible element of R (i-e., a non-zero and non-invertible element which 
does not have proper divisors) generates a prime ideal. If a is irreducible and 
aR = P,---P, with s > 2, then by Corollary 5 to Proposition 1.14 we get 


P;=a,R+0;R= (a;R, b;R) (@ = 1,2,...,8) 


with suitable a;,b; € R. For every i we have either a { a; or a { b;, and we may 
assume that a { a; holds for i = 1,2,...,s. However, aj---as € Py: Ps = 
aR, thus a divides the product a,---a; without dividing any of its factors, 
which is impossible for an irreducible element in a UFD. 

This shows that irreducible elements generate prime ideals. If H(R) were 
non-trivial, there would exist at least one non-principal prime ideal, say P, 
because otherwise all ideals would be principal. Write P = (aR,bR) with 
suitable a,b € R, and factorize a into irreducibles, say a = a1---a,. Since 
the ideals a;R are prime, it follows that for a certain i we have a;R = P, thus 
P is principal, contrary to our assumption. This establishes the implication 
(iii) (i). 0 


1.4. Notes to Chapter 1 


1. The theory of Dedekind domains was created as a generalization of results 
concerning rings of integers in finite extensions of the rationals, obtained 
mainly by Dedekind [71]. It was observed already by Dedekind and H.Weber 
[82] that many of these results apply also to the rings of integral elements in 
function fields. However, the general theory had to wait for the introduction 
of abstract methods and concepts into algebra. In fact, the definition of an 
abstract ring, in the form used today, appears for the first time in Fraenkel 
[16], and the definition of an abstract field is not much older (Steinitz [10]). 

The role of the ascending chain condition for ideals (the Noether condi- 
tion) for the theory of commutative rings was emphasized by Noether [21]. 
She obtained the fundamental results for Noetherian rings, generalizing many 
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earlier results obtained for polynomial rings by Hilbert [90], Lasker [05] and 
Macaulay [13], [16]. 

The presented by us standard proof of Proposition 1.1 uses the axiom of 
choice; in fact, as shown in Hodges [74], this cannot be avoided. 

The theory of rings, now called Dedekind domains, originated with 
Noether [27a] (preceded by Noether [19]) where the condition which is both 
necessary and sufficient for a domain R to have unique factorization of ideals 
into prime ideals was given in the following form: R should be Noetherian 
and integrally closed, and for every non-zero ideal I of R the factor-ring R/I 
should be Artinian, i.e., it should satisfy the descending chain condition for 
ideals. The last condition is also called the restricted minimum condition. 
The equivalence of these definition to the definition given by us was estab- 
lished by Nakano [43], and a simple proof was given by I.S.Cohen [50]. See 
also Krull [28a]. 

The proof of Theorem 1.5 shows that any invertible ideal in a domain is 
finitely generated, a fact first noted by Krull [30]. 

The existence of factorization of all non-zero proper ideals into prime 
ideals implies its uniqueness. This is implicit in Mori [40], but apparently 
the first explicit mention was made in Matusita [44]. Here again for a simple 
proof the reader is referred to I.S.Cohen [50] (cf. Butts [64]). 


2. Theorem 1.8 gives one of several known characterizations of Dedekind 
domains. Apparently it was first formulated in the second volume of van der 
Waerden [30], although its essence is contained already in Noether [27a]. Let 
us quote some other characterizations of Dedekind domains: 

(i) A domain is Dedekind if and only if the non-zero fractional ideals form 
a group under multiplication (Krull [35], p.13, ” Gruppensatz”). 

(ii) A domain R is Dedekind if and only if for every proper non-zero ideal 
I of R the factor ring R/I is a unique factorization ring (Jensen [63]). 

(iii) A domain satisfying the (FN) condition is Dedekind if and only if 
Theorem 1.16 (i) holds in it (Butts, Wade [66]). 

In the books of Fossum [73], Gilmer [68] and Larsen and McCarthy [71] one 
finds several other characterizations of Dedekind domains. Later new char- 
acterizations were given in Hays [73], Huckaba, Papick [81], Idelhadj, Yahya 
[00], Koyama, Nishi, Yanagihara [74], Lequain [85], Man [98] and Quadri, 
Irfan [79]. 

Characterizations of domains whose integral closure in its field of fractions 
is Dedekind were given in Butts, W.W.Smith [66] and Dumitrescu, Shah, 
Zafrullah [00]. 


3. For the history of Proposition 1.13 see Dedekind [95]. 

Noetherian rings in which every ideal is generated by at most k elements 
(with fixed k) were considered in I.$.Cohen [50] and Gilmer [72],[73]. Matlis 
[70] characterized domains in which every ideal is generated by at most two 
elements. The first example of a domain with an invertible ideal having k, but 
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not fewer, generators was given by Chase, and the first published example 
appeared in Gilmer [69]. 

An early study of invertible ideals appears in W.Weber [31]. 

Theorem 1.20 was proved in full generality in Noether [27a], and in the 
habilitation thesis of F.K.Schmidt in 1927 (cf. Grell [36a]). F.K.Schmidt [36] 
gave an example marking the important distinction between the separable 
and inseparable case. Another proof of Theorem 1.20 was given in Northcott 
[55]. For infinite extensions this theorem ceases to be true. Indeed, the ring 
of all algebraic integers, which is the integral closure of Z in the field of all 
algebraic numbers, is not even Noetherian. 

Of the several books concerning ideals in commutative rings we mention 
only the classical works of Krull [35], Bourbaki [61/65] and Zariski, Samuel 
[58], as well as a few later books: Gilmer [68], Kaplansky [70], Larsen, Mc- 
Carthy [71]. 


4, Valuations were introduced by Kiirschak [13], and the main results of 
their theory were established by Ostrowski [13],[17],[18],[35] and Krull [31]. 
An account of this theory may be found in Schilling [50] and Ribenboim [99]. 
For its history see Roquette [02]. 

Theorem 1.31 is due to Ostrowski [18], who also described valuations of 
algebraic number fields (see Theorem 3.3), The reproduced proof is that of 
Artin [32b]. 

Theorems 1.32, 1.39 and 1.41 are essentially due to Steinitz [12], who 
considered rings of integers in algebraic number fields. The presented proof 
of the necessity part of Theorem 1.39 is due to Kaplansky [52]. It works for 
an arbitrary integral domain. Cf. Archinard [84], Asano [50], Chevalley [36b]. 

Theorem 1.32 implies that if every finitely generated module over a De- 
dekind domain R is a direct sum of cyclic modules (i.e., generated by one 
element), then R is a PID. Rings having this property are called FGC-rings. 
For characterizations of these rings see Brandal [79], Kaplansky [49], Lafon 
[71], Vamos [70], Wiegand, Wiegand [77]. Uzkov [63] showed that a Noethe- 
rian FGC-domain must be a unique factorization domain (cf. Bass [62]). 

Theorem 1.32 has its analogue for projective modules over the group ring 
R[G] of a finite group G in the case, when R is Dedekind (Swan [60], Giorgiutti 
[60]). For a discussion of free modules over a Dedekind domain see O’Meara 
[56]. 


5. The notion of class-group goes back to Kummer [47b] in the case of integer 
rings in cyclotomic fields, and even to Gauss [01] in the case of quadratic 
fields. Gauss dealt with classes of quadratic forms, but his theory is equivalent 
to the theory of ideal classes in quadratic fields, as we shall see in Chap. 8. 

Analogues of the class-group were defined also in other situations (Gro- 
thendieck group, Picard group,...). See e.g. Bass [68], Claborn, Fossum [68], 
Fossum [73], Kennedy [80], Milnor [71], Reyes Sanchez [99], Serre [58], Ullom 
[76]. 
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An old conjecture that every Abelian group may serve as a class-group for 
a suitable Dedekind domain was settled affirmatively by Claborn [66]. A proof 
may be found in Fossum [73], and another proof was provided by Leedham— 
Green [72]. For an extension see Claborn [68] (cf. Grams [74]). If the group in 
question is finitely generated that one can find a suitable Dedekind domain 
R satisfying Z[X] C R C Q[X] (Eakin, Heinzer [73]). 

It has been also conjectured (see Zariski, Samuel [58]) that every Dedekind 
domain is the integral closure of a principal ideal domain in a finite extension 
of its quotient field. However this conjecture was disproved by Claborn [65] 
(for a simple example see Adachi [85]). He suggested in turn, that every 
Dedekind domain can be represented as the ring of quotients of such an 
integral closure with respect to a subset closed under multiplication. However, 
this conjecture also fails (Leedham-Green [72]), and the question whether one 
can construct every Dedekind domain in a simple fashion starting with PID’s 
remains still unanswered. 


EXERCISES 


1. Let R be a commutative ring with unit, and let J, J be ideals in R. Prove 
that if R/I and R/J are isomorphic as R-modules, then J = J, and show that this 
implication may fail if we replace R-module isomorphism by ring isomorphism. 

2. Show that a domain R is Dedekind if and only if its fractional ideals form a 
group under multiplication. 

3. Prove that if M is a finitely generated module over a Noetherian ring, then 
M is a Noetherian module. 

4. Let I be a fractional ideal of a domain R. Prove that J is invertible if and 
only if there exists a fractional ideal J such that IJ is principal. 

5. (i) Prove that if in a domain R all proper non-zero ideals are either prime or 
can be represented uniquely as products of prime ideals, then R is Dedekind. 

(ii) Show that in (i) one can omit the uniqueness assumption. 

6. Prove that if R is a Dedekind domain and IJ is a non-zero ideal in R, then 
the ring R/J is Artinian. 

7. (Camion, Levy, Mann [73]) Let R be an integral domain in which every 
finitely generated ideal is invertible (such domains are called Prtifer domains). 
Prove the following three assertions: 

(i) If I is a finitely generated ideal of R, and for certain ideals A,B we have 
AI = BI, then A= B. 

(ii) If I is a finitely generated ideal of R, and J is an ideal contained in J, then 
there exists an ideal A with AI = J. 

(iii) If A, B, C are finitely generated ideals of R, then AN(B+C) = ANB+ANC. 

8. Let R be a Dedekind domain, I a non-zero ideal of R and N > 1. Prove that 
if RY~1 @I can be generated by N elements, then I is principal. 

9. (Reiner [56] in case d = 1, Moore [75] in the general case) Let R be a 
Dedekind domain, Prove that if ai,...,an in R are given, and d lies in the R- 
module generated by the ai’s, then there exists an n x n invertible matrix with 
entries in R and determinant d, whose first row equals a1, a2,...,Qn. 
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10. Let R be a Dedekind domain, G(R) the group of all its fractional ideals 
and P(R) the group of all principal fractional ideals. Prove that the quotient group 
G(R)/P(R) is isomorphic to the class-group of R. 


2. Algebraic Numbers and Integers 


2.1. Distribution of Integers in the Complex Plane 


1. In this chapter we introduce the fundamental notions of the theory, and 
develop some of their properties. Let us start with definitions. Any complex 
number which is integral over the field Q of rational numbers will be called an 
algebraic number, and if it is also integral over the ring Z of rational integers, 
then it will be called an algebraic integer. Corollary to Proposition 1.6 shows 
that the set of all algebraic numbers forms a ring, and the same holds for the 
set of all algebraic integers. Actually the first of these rings is a field, since 
if a £ 0 is algebraic, then it is a root of X™ + @m1~X™ 1 +-+-+a,X + ao 
with rational a;’s and non-zero ag, hence a~! is a root of the polynomial 
x™ +a9¢a,.X™-} +... edie 

The minimal degree of a non-zero polynomial over Q whose root is a 
is called the degree of a. We shall denote it by dega, or degga. If K is 
any subfield of the field C of complex numbers, then degx a, the degree of 
a over K, is defined as the minimal degree of a non-zero polynomial with 
coefficients in K, having a for one of its roots. This polynomial is called 
the minimal polynomial of a over K, provided it is monic, i.e., its leading 
coefficient equals 1. 

Any finite extension of Q will be called an algebraic number field. By 
Corollary to Proposition 1.6, the algebraic integers contained in such field kK 
form a ring, which we shall denote by Rx. The elements of this ring will be 
called the integers of K, and our chief aim is to study their properties, as well 
as the properties of the ring Rx as a whole. Note that every algebraic number 
field K can be written in the form K = Q(a) with a suitable a, which can 
be taken from Rx. This implies that every element of K is of the form P(a), 
where P is a polynomial over Q of degree smaller than dega = [K : Q], the 
degree of kK. The naive hope that with a suitable choice of a one may be able 
to write every integer of K in the form P(a) with P € Z[X] is unjustified, as 
will be shown on examples later on. 

It will be useful to note at this point that Rx, being the integral closure 
of Z in K is, by Theorem 1.7, also the integral closure of the ring Ry for 
every subfield L of Kk. 

If K/k is an extension of degree n, a € K and F € k[X] is the minimal 
polynomial of a, then the roots a = aj,...,@, of F are called the conjugates 
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of a over k. Note that if a generates the field K over k, i.e. K = k(a), then 
the mappings F;, defined for 7 = 1,2,...,n by 


n—-1 n-1 
F()> Aja?) = $0 Aja (Ao, At,..-) An-1 € K) 
j=0 j=0 


are isomorphisms of K into its integral closure, which are identities on k, and 
every such isomorphism must be of this form, since the image of a under it 
has to coincide with one of the a;’s. This shows that in case of k = Q we 
get exactly n = [K : Q] different embeddings of K into the field of complex 
numbers. 

The fields F;(A)-are called the fields conjugated to K. Obviously, if we 
consider K as a subfield of the algebraic closure of K, then one of the F;’s is 
the identity on Kk. 

Observe that if b is an arbitrary element of K, not necessarily generating 
it, then its images F;(b) must be conjugated to b, and it is easy to see that if 
the degree of 6 is smaller than the degree of K, then these images cannot be 
all distinct. 

In the case of algebraic number fields one calls an embedding F; real if 
F;(K) is contained in the real field R, and is called complex (or imaginary) 
otherwise. Note that if F; is a complex embedding, then its complex conjugate 
is again a complex embedding distinct from F;, hence the number of complex 
embeddings is always even. One half of this number is usually denoted by 
T2 = To(K), and the number of real embeddings by r; = r1(K). The pair 
[r1(K), r2(K)] is called the signature of K. The equality r1(K) + 2r2(K) = 
[K : Q] is obvious. 

Fields K with r2(K) = 0 are called totally real, and fields with r;(K) = 0 
totally complex or totally imaginary!. Note that if the extension K/Q is 
Galois, then K is either totally real or totally imaginary, since all images 
F;(K) have to coincide. 


Usually one fixes the order of the embeddings F\,...,F, in such a way 
that F\,...,F,, are real, the remaining embeddings are complex, and, more- 
over, fori = 171 + 7r2+1,...,n one has F; = Fj_,,. In the sequel we shall 


always assume tacitly that the embeddings are ordered in this way. 

An algebraic number is called totally real if all its conjugates are real, and 
totally complex if none of them is real. 

The product or r; copies of the multiplicative group {—1,1} is called 
the signature group of K and denoted by Sgn(K). There is a canonical 
homomorphism (the signature map) Sgn : K* -—>+ Sgn(K), defined by 
Sgn(a) = [e1,...,€,,], where e; is the sign of F;(a). The elements of the 
kernel of the signature map are called totally positive numbers. One writes 
a > 0 to indicate that a is totally positive. Note that this notion depends on 


’ Observe that totally positive fields exist only in the MOS classification, but not 
in nature. 
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K, since in a totally complex field all non-zero numbers are totally positive, 
and in particular such are all negative rationals, which are certainly not pos- 
itive in any real field. Clearly all non-zero squares of K and their sums are 
totally positive, and it follows from a result of Siegel [21b] that conversely, 
every totally positive element of K is a sum of squares of elements of K. In 
fact Siegel established that four square summands suffice. 


2. The signature map is surjective. To prove this we need a simple lemma, 
which will be also used later: 


Lemma 2.1. Let K be a field of degree n and signature [ri,r2|. Put k = 
ry +12, and let F,,...,F, be the embeddings of K into C, the first r, of 
them being real, and from every pair of conjugate complex embeddings only 
one being taken. The map VW: Rx —> R” defined by 


YW: cr [Fi(a),...,F,, (x), ReF,,41(x), ImF,,41(z),..., 
nig hel, ala), binky (2) 


is an injective homomorphism of the additive group of Rx in R”, and its 
image is an n-dimensional lattice, t.e. a free Abelian subgroup of R” with n 
free generators. 


Proof : Injectivity of Y results from the fact that (x) = 0 implies x = 0. 
Observe that the image A = (Rx) is not dense in R”. Indeed, the set 


Av= {[o;. gee) © ||| << 1/2 ford =1, 2524.50} 


cannot contain non-zero points of A, since if x is a non-zero element of Rx 
with W(x) € A, then |F;(x)| < 1, and therefore the product of all conjugates 
of x, which must be a non-zero rational integer, turns out to be of absolute 
value less than 1. 

Thus A is a discrete subgroup of R”, hence it must be isomorphic to 
Z2 with a suitable 0 < d < n. To show that d = n it suffices to establish 
n linearly independent points in A, and here we may take the images of 
l,u,u?,...,u"~1, where u is any integer of K of degree n. In fact, if with 
real Ao,..., An—1 one has 


n—-1 
S> Aj¥(u?) = 0, 
;=0 

then for k = 1,2,...,n 
n—-1 
S > AjFr(u?) = 0 
j=0 


follows. Since the determinant of the matrix [F;,(w’)];,~ does not vanish, being 
a Vandermonde determinant, we obtain Aj = A; =-:: = An_1 = 0. Oo 
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We prove now two results about the existence of elements with certain 
properties in every residue class mod I. 


Proposition 2.2. Let I be a non-zero ideal in Rx, and let X be one of 
residue classes mod I. 

(i) There exist infinitely many elements of X with an arbitrary prescribed 
signature. 

(ti) There exist infinitely many elements of X, which generate the exten- 
sion K/Q. 


Proof : (i) If r; = 0, then Sgn(K) = {1} and there is nothing to prove. So 
assume rT, > 1 and let « = [e1,...,€,] € Sgn(K) be given. We prove first the 
existence of an integer b € K with Sgn(b) = e. If W is the mapping defined in 
the preceding lemma, then A = ¥(Rx) has infinitely many points in each of 
the 2"! parts into which the hyperplanes x; = 0 (4 = 1,2,...,71) divide R”. 
This proves the existence of b € Rx with Sgn(b) = «. If now a € I is totally 
positive (we may take a = N(J), for example), then the numbers abk + x 
(a € X, k =1,2,...) are all in X, and for sufficiently large k satisfy 


Sgn(abk + x) = Sgn(ab) = Sgn(b) =e. 


(ii) Put N = N(J), choose an element a € X, and let b € Rx be any 
generator of K/Q. Since N € J, all elements c,, = a+ mNb (m = 1,2,...) 
lie in X. If none of them generates K, then for every m there exist 7 ¢ j such 
that F;(Cm) = F;(cm). Hence there are indices ig 4 jo such that the equality 
F;,,(Cm) = Fj. (¢m) holds for infinitely many m, but in view of F;,,(b) 4 Fj, (b) 
this can happen only for 


vn Fin(@) = F(a) 
(Fig (6) — Fig (0) 


a contradiction. oO 


To prove the existence of fields with prescribed signature we need to 
show that the roots of a complex polynomial depend continuously on its 
coefficients. 


Lemma 2.3. Let P(X) = X" + S aj;X/ be a polynomial with complex 
coefficients, and denote by 21, 22,...,2n its roots. Assume that they are all 
distinct. Let also P(X) =X” +5 al) x3 (k =1,2,...) be a sequence of 
polynomials satisfying limp—;o0 aS") = a,;, and let wh), os ., wi) be the roots 
of P,. Then it is possible to reorder those roots in such a way that for every 
€ > 0 and sufficiently large k one has 


|Z; — wi) | <e. 
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Moreover, if the coefficients of P and P, are real, then for sufficiently large 
k the polynomials P and P;, have the same number of real zeros. 


Proof : Observe first that there is a common bound for the numbers ww), 


and renumber them in the following way: let wi") be the root of P,, which 
is closest to z,. If there are several such roots, then choose one of them 
arbitrarily. Of the remaining roots of P, let wh*) be the closest to z2, and 
continue this process. Next choose a sequence k; < kp < ... of integers such 
that the limit ey 


cj = lim w; 
TCO 


exists for 7 = 1,2,...,n. Then 
og Se ote a (Rr)y a 
POX) = Jim, P(X) = Jin T]X - wf?) = T]- 0), 
od — 


and therefore the sets {z1,...,2n} and {c1,...,¢n} coincide. 

Moreover, jw<*? —2z|< lw<* — 2,| for i = 2,3,...,n, thus |e, — z| < 
lc; — z,|, and cy = z, follows. In the same manner one proves c; = 2; for 
all i. Finally note that the sequence k, could be chosen arbitrarily, provided 
the required limit exists, and so limg_,.. w{*) = 2; holds for i = 1,2,...,n, 
proving the first part of the lemma. 

To prove the second part, note that if the coefficients of P and Py are 
real, z; is a real root of P, and for an infinite sequence {k,} the numbers 


wir) are not real, then the numbers w(*r) are also roots of P,, and so, by 


the foregoing argument, they tend to a root of P, say z;, distinct from 2%, 
which is impossible, since 


r 


z; being real. O 


Corollary. There exist finite extensions of the rationals with the signature 
[r1, 72] arbitrarily given. 


Proof : Take an arbitrary monic polynomial P with real coefficients, having 
r; real and 2rg non-real roots, none of them multiple. Then choose a sequence 
of monic polynomials with coefficients of the form (4k + 2)/(2m + 1), with 
k,m € Z, tending to P. Lemma 2.3. shows that if these polynomials are 
sufficiently close to P, then they have r; and 2r2 non-real roots, and since 
Eisenstein’s criterion shows that they are all irreducible over the rationals, 
the fields generated by their roots have the required signature. O 
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3. Let K be a field of zero characteristic, and let L/K be an extension of 
degree n, contained in an algebraic closure 2 of K. Let Fi,...,F, be the 
embeddings of LZ in §2, which are identities on K. For a € L define the 
characteristic polynomial ©, of a over K by putting 


=][(*-F@). 


One sees immediately that the coefficients of ®, lie in K, and if f, € K[X] 
is the minimal polynomial of a over K, and degya = m, then ®,(X) = 
fa(X)”/™. 

There are two important mappings, connected with coefficients of char- 
acteristic polynomials: the norm 


Nzyx(a) = T1A@ = ~1)"6, (0), 
and the trace, defined by 
Tr /K (a) = yr (a). 


Note that the trace of a differs only in sign from the coefficient of X"~! 
in the characteristic polynomial of a. 
The following proposition exhibits their principal proprieties: 


Proposition 2.4. (i) The norm Nz x is a homomorphism of L*, the multi- 
plicative group of L, into K*, and the trace Ty/x is a homomorphism of the 
corresponding additive groups. 
(ii) The norm and the trace of an algebraic integer are algebraic integers. 
(iii) If the extensions L/K and M/L are finite, then 


Nujk =Nrjx°Nmyjt, Tux = Tix °Tu/t- 


Proof : Assertion (i) is an immediate consequence of the definition, and to 
establish (ii) observe that the coefficients of the characteristic polynomial of 
an algebraic integer a € L lie in the ring generated by the coefficients of the 
minimal polynomial of a. 

To prove (iii) let m = [L: K], n = [M : L], and let s1,...,8m be the 
embeddings of L into 922 which are equal to the identity on K, and extend 
them to embeddings of 92 into 2. Moreover let t1,...,t, be embeddings of 
M into 22, which are equal to the identity on L, and again extend them to 
the whole field 2. If s is an embedding of M into 2, equal to the identity 
on K, then with a suitable j we have s; ~1 6 s(L) = K, and so for a certain i 
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we have 85+ os =t,;. This shows that every embedding of M into 2, which 


equals the identity on K, has the form s; ot;, and hence for z € M we get 


Nuyx(e) =] 8; 0 tie) = T] s5(T] (@)) 


ig a cet 
= Il 83(Nujx(x)) = (Nix ° Nuyz)(2), 
j=l 


as asserted. The same argument applies to the trace mapping (it suffices to 
replace each product by a sum, and write T in place of N). Oo 


4. The earliest result concerning the distribution of algebraic integers in the 
complex plane is due to Kronecker [57a], and, with the use of the notation 
|a| for the largest absolute value of conjugates of a over Q, runs as follows: 


Theorem 2.5. (i) If a 4 0 is an algebraic integer which is not a root of 
unity, then |a| > 1. 

(ii) If a 4 0 is a totally real integer which is not of the form 2cos(rr) 
with rational r, then |a| > 2. 


Proof : (i) Let a be a non-zero algebraic integer and assume that. |a| < 1. Let 
K = Q(a) and n = [K : Q|. The numbers a,a?,... all lie in Rx, therefore 
their minimal polynomials have degrees not exceeding n. Since all conjugates 
of the numbers a* lie in the closed unit disc, the coefficients of their minimal 
polynomials do not exceed max{ 4) : gj = 1,2,...,n}. This shows that 
the sequence a,a”,... contains only finitely many distinct terms, and so for 
certain i 4 j we have a’ = a/, i.e. a is a root of unity. 

(ii) Let a be a non-zero totally real integer whose conjugates all lie in 
the interval [—2,2]. We may assume that a 4 +2. The number a?/4 — 1 is 
negative, and so b = a/2 + (a? — 4)!/2/2 is not real. Since b is a root of 
X*—aX +1, it is an algebraic integer, but obviously |b] = 1, whence by (i) b 
is a root of unity, i.e. b = exp(27is) for a certain rational s. Since a = 2Re b, 
we get a = 2cos(mr) with r = 2s. O 


It has been observed by Schinzel and Zassenhaus [65] that for integers 
of a fixed degree the bound in (i) can be improved. We prove now a simple 
result of this type, due to Dobrowolski [78]. 


Theorem 2.6. If a is an algebraic integer of degree n which is neither zero 
nor a root of unity, then 


Proof : The assertion is trivial in case n = 1, so assume n > 2. Choose a 
rational prime p in the interval [3n, 6n]. Such a prime exists by Bertrand’s 
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postulate. Let F(X) = X"+ a A;X/ € Z[X] be the minimal polynomial 
of a, and put 


n n-1 
G(X) = [] (X - a?) = X" + SOB; X!, 

i=1 j=0 

where a1 = G,2,...,@, are the conjugates of a. Finally put 
n 
= Soa 
j=l 
fork > 1. 
Newton’s formulas imply the following equalities for k = 1,2,...,n: 


Sk + An—1Se-1 +++ + An—n4151 + KAn—x = 0, 
Skp + Bn—-1S(k—1)p feee Ht Bn—k+15p +kBn_, = 0. (2.1) 


Assume now that the theorem is not true for a certain a, and observe that 
for k = 1,2,...,n we have 


6kn 
Gia Cleon tae) Sone 2 
i 6 n 


n2 


and since the function 


f(t) = Fexp (“E*) 


has no maxima in the open interval (1,n), and f(n) =1< f(1) < ¥3 < 3/2, 
we obtain 
|Skp — Sp| < 3kn < kp. 


In particular, one has 
[Sp — S1| < p. (2.2) 


Further, for k > 1 we have the equality 
SE = (af +--+ + ah)? = ay? +--+ + ah? + pulp, k) 


with an integer u(p,k), which is rational, being equal to (SP? — Skp)/p, and 
thus 
Si, = SP = Skp (mod p) (2.3) 


holds for all k > 1. 

In particular S; = S, (mod p), and this together with (2.2) leads to S$; = 
Sp. Utilizing (2.1) we get Ap_1 = Bn—1. Assume that for 7 = 1,2,...,k-—1 
one has Sj, = S; and An_; = Bn_;. Using (2.1) and (2.3) we get Skp = 
S,;, and using again (2.1) we obtain A,_, = By_x. Finally, we see that 
F(X) = G(X), and thus the sets {a1,...,a,} and {a?,...,a?} coincide. 
This however leads to a contradiction. Indeed, if K is the splitting field of F, 
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and o € Gal(K/Q) carries a into a?, then we get, denoting by N the order 
of o, 


N 
a=oN%a=a? , 


thus a either zero or a root of a unity, contrary to our assumption. O 
5. The following theorem shows that Theorem 2.5 (ii) is best possible: 


Theorem 2.7. (Robinson [62]) If I is an interval on the real axis having 
length > 4, then one can find in I infinitely many full sets of conjugates of 
algebraic integers. Moreover, for the particular intervals [—2 — €,2+ | with 
a positive € one can find such sets not containing any number of the form 
2cos(mr) with r € Q. 


Proof : Let c be real and I = [c — 24,c+ 2A] with rational \ > 1, and define 
a sequence P,, of polynomials, by means of 


P(X) = (2A)"T, =) (n =1,2,...), 


where T,, is the nth Chebyshev polynomial, i.e. 


[n/2] 
n n-k—- n— 2k 
T,(X) =X +o 1) om" a ie 


We shall need a few properties of P,, which are easily deducible from the 
corresponding properties of Chebyshev polynomials: 


(i) One can write 


n 
P(X) =X" + Sal x0-*, 
k=1 


where for fired k < n the coefficient a”) is a polynomial in n, vanishing at 
zero, 

(ii) The maximal absolute value of P, in I equals 2X”, and is attained at 
1+n points Uy,...,Un+41, Say. 


(iii) For i = 1,2,...,n we have P,(uj)Pr(ui4i) < 0. 


Choose now a rational integer M so that “(A — 1) > 4, and observe 
that with a suitable choice of m every coefficient al” (i =1,2,...,M) with 
n divisible by m is integral and even. In fact, with certain rane integers 
al ) By we have 

(n) _ a) nF as + ah) n 
a, 


Br 
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and so we may take for m the least common multiple of the numbers 


201,-..-,26m.- 
Let n > M be a rational integer divisible by m. Choose byy4i,..-,6n € 
(0,4), such that the polynomial 


n—-1 


n 
Qn(X) =Pr(X)+ SY > bpPa—n(X) =X" + So cn X* 
k=1+M k=0 
has all its coefficients c, integral and even with 4 { cp (fork =n—M,...,n—1 


this is implied by the choice of m), and note that for n € I we have 


—_ n—-k 
|Pr(z) — Qn(z)| < > max |Py—«(x)| = 8 > A 
k=14+M k=1+M 
NO-M _ 1 8X7 


Pe aR DAS ee AE REORE 
cae 5 ates C0 a a 


2X”, 
hence at all points u; the polynomials P, and @,, attain values of coinciding 
signs. This shows that Q, has exactly n zeros in J, and, since it is irreducible 
by Eisenstein’s theorem, these zeros form a full sets of conjugates. This es- 
tablishes the first part of the theorem, since we may choose n in infinitely 
many ways. 

To prove the second part observe that the first part shows for every € > 
0 the existence of infinitely many full sets of conjugates of integers in the 
interval J. = [—2 —,2 —/2]. Among those sets there is an infinite number 
of sets not containing numbers of the form 2cos(mr) with r € Q. Indeed, 
every set containing such a number must contain 2cos(a/q) with a suitable 
natural g, but this is possible only for a finite number of q’s, since 2 cos(7/q) 
tends to 2 as q approaches infinity. It remains to observe that the interval J, 
is contained in [—2 — €,2 + é], O 


2.2. Discriminants and Integral Bases 


1. To obtain some kind of classification of algebraic number fields one in- 
troduces various functions defined on the set of all such fields. The simplest 
example is the degree over Q, which, however, does not suffice, since there are 
infinitely many fields of the same degree. In this section we shall introduce 
another function, namely the absolute discriminant d(K), which assumes 
non-zero integral values, and has the remarkable property, noted first by 
Hermite [57], of assuming the same value only for a finite number of fields. 
Moreover it is an invariant of isomorphisms, i.e., isomorphic fields have the 
same discriminants. We start with some general definitions, valid for arbi- 
trary finite extensions of any field of zero characteristic. This slightly more 
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general approach will be utilized in Chap. 5, where we shall speak about 
completions of algebraic number fields. 

Assume thus that K is a field of zero characteristic, and let L/K be 
a finite extension of degree n. If 2 is a fixed algebraic closure of K, then 
there are n distinct embeddings F\,..., F,, of L into 2, leaving K invariant. 
For any sequence of n elements v1,...,Un of L we define the discriminant 
dpjK«(v1, +++yUn) by 


dp/K(U1,---,Un) = (det[Fi(v; Jig)” - 
Note that the discriminant does not depend on the order of the embeddings 


F; or of the v;’s. 


The following proposition provides an alternative definition of the dis- 
criminant: 


Proposition 2.8. If Tp; (x) = )7j_, Fi(2) is the trace, then for v1,...,Un € 
L we have 


dpjK(v1,---,Un) = det[T rx (vir;)]i,5- 


Proof : It suffices to observe that with notation A’ for the transposed matrix 
of A we have 


So Fe (vi) Fe(vy) 


k=l 
= det ([Fe (oa) [Fi(vi)]”) =drK(v1,---,U). O 


det [Tr x (viv;)] = det 


If a is an arbitrary element of L, then its discriminant with respect to K, 
which we shall denote by dz/x (a), is defined by 


dr/K (a) = dz/x(1,a, a ied ont) 


One can easily see that 


dy jx (a) = [][(F(@) - F(a)’, (2.4) 


i<j 


and this shows that if a generates the extension L/K, then dz/(a) coincides 
with the discriminant of the minimal polynomial of a over K, and thus is non- 
zero. If, however, a generates a proper subfield of L, then dz/x(a) = 0. 

The main properties of the discriminant are contained in the following 
proposition. 


Proposition 2.9. Let L/K be a finite extension and let v1,...,Un be ele- 
ments of L. 
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(i) The discriminant dp/K(v1,...,Un) les in K, and if K is an algebraic 
number field, then the discriminant of a set of integers is an integer. 
(ii) If fori=1,2,...,n we have uj = ya aijv; with ay © K, then 
dp/K(u, sae Un) = (det [aij])? dp/K (v1; evens Un). 


(iii) One has dy (v1,---,Un) = 0 if and only if the system v1,...,Un is 
linearly dependent over K. 
(iv) If L = K(a) and P € K[X] is the minimal polynomial of a, then 


dpjx(a) = (—1)™ det[eij] = (-1)" Nz/x«(P'(a)), 


where m = n(n —1)/2, the elements a;; are defined by 
nol : 
aJ P'(a) = Sai: (j =0,1,...,n—-1), 
i=0 


and P' is the formal derivative of P. 


Proof : Part (i) results from Propositions 2.4 and 2.8, and (ii) is a consequence 
of the equality 
det [F;(us)] = det[c;j] det [F; (vi) . 


To prove (iii) note first that if the elements v1,..., Un, are linearly depen- 
dent over K, then with suitable 7,,...,2, € K (not all of them vanishing) 
we have 


n 
Yak G=0: GS12,..7); 
t=1 
and thus dz/%(v1,...,Un) = 0. 
On the other hand, if dz, K(U1,---+;Un) vanishes, then the system 


S 2iT hx (viv;) =0 Gg =1,2,... ,n) 


a. 


has a non-zero solution. If the system v1,...,Un were linearly independent 
over K, then u = 2101 +--+ +%nUpn would be non-zero, and Tr (uv;) = 0 
would hold for i = 1,2,...,n. Hence for all y € L we would have Tr x (uy) = 
0, but this is not possible, since taking y = 1/u we obtain n = Tz/% (1) = 0. 

Finally, to obtain (iv) denote by a1 = a,..., a, the conjugates of a over 
K, and put 6; = P’(a;), all these elements lying in a fixed algebraic closure 
of L. Then 


dz/K (a) =[[Ca: —aj;)* =(-1)” HI] ~ aj) 


i<j i=l jHi 


=(-1)" | [ P’(ai) = (-1)b1 --- bn = (-1)" Nx (P’(a)). 
i=l 
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Moreover 


by +++ bp det[a?] = det[a?b;] = det bs asi = det[cx;] det[a¥], 
k=1 


and since (iii) implies det[ai] 4 0, we obtain 
b1bo--- bp, = det[c;;], 


and thus 
dz/K(a) = (—1)™ det|c;,], 


as asserted. O 


2. Now we leave the abstract situation, and return to algebraic number fields, 
to which the concepts developed in the preceding subsection apply. We shall 
use them for the definition of the field discriminant. Let K be an algebraic 
number field of degree n. A system w ,...,wW, of integers of K, which is 
linearly independent over the rationals and generates Rx as a Z-module, is 
called an integral basis of K. Note that the existence of a system w,...Wn, 
of elements of Rz, which is linearly independent over K and generates Ry 
as a Rx-module is equivalent to the fact that Rz is a free Rx-module. We 
shall see that this is the case when K = Q, but may fail in the general case. 
The question, when this happens will be answered in Chap. 7 (see Corollary 
1 to Theorem 7.42). 


Theorem 2.10. Every algebraic number field has an integral basis, i.e., for 
every finite extension K/Q, Rx is a free Z-module. 


Proof : Let a € Rx be a generator of the extension K/Q. Lemma 1.21 implies 
dxjg(a)Rx C Za], whence Rx C dxi9(a)ZIal. 

Since Za] is a free Z-module with finitely many generators a’ (i = 
0,1,...,.n—1, n = [K : Q)), it is Noetherian by Proposition 1.2, and hence 
dx49(4)Z[a] is also Noetherian. Thus Rx is a finitely generated torsion-free 
Z-module, and Theorem 1.32 implies that Rx is isomorphic as a Z-module 
to Z? for a certain0d<d< n, because Z is a principal ideal domain. However 
Rx spans an n-dimensional Q-space, and so d = n. 0 


We give also an alternative proof of the last theorem, which permits the 
construction of an integral basis of a special form, needed in the sequel. 


Proposition 2.11. [f [K : Q] = n and the numbers aj,...,an of Rx are 
linearly independent over Q, then there exists an integral basis w1,...,Wn of 
K such that for j =1,2,...,n one has, with suitable ci € Z, 


Og = Cj1W1 T+ 1 CjjW5. 
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Proof : Put d = dxjg(ai,---,@n) and for i = 1,2,...,n denote by di the 
least positive integer such that with suitably chosen dj, € Z (1 <k <i-1) 
one has 


1 t 
w= q ) dija; € Rr. 
j=! 


The numbers w1,...,w,, are linearly independent over Q, since their dis- 


criminant D satisfies 
D = (d~ det[d;;])?d, 


and 
det[d.;] = dy1d02---dnn Z 0 


by Proposition 2.9. 
Observe now that if c € Rx can be written in the form 


js C141 + +++ +54; 
= 7 : 
with a certain j and c; € Z, then dj;\c;. Indeed, if c; = sdj; +r with r,s € Z 
and 0 <r < dj;, then c— sw; € Rx, and 


ere i ’ 
Ose = (cy Ss nda + ne 


contrary to the choice of d;;. Let Mo be the Z-module generated by w1,..., Wn. 
We shall prove by induction in j that Mo contains every element of Rx of the 
form (1a, +---+2,a;)/d (a; € Z). For j = 1 the assertion is obvious, so as- 
sume it holds for all indices < j, and consider y = (41a, +---+2,a;)/d € Rr, 
where x; € Z. Then, with a suitable A € Z, we have z; = Adj;;, thus 
y — Aw; € Rx, and, in view of Aw; € Mo, it suffices to apply the induc- 
tional assumption. 

For j = n this gives Mp = Rx, because by Lemma 1.21 we have Rx Cc 
(a;Z+--++a,Z)/d, and the proposition follows. O 


Examples of integral bases will be given in the last part of this section. 


3. In this subsection we shall define the discriminant of any Z-module of finite 
index in Rx, a special case of which will be the discriminant of the field K. 
The following proposition shows that all free bases of a free Z-module have 
the same discriminant. 


Proposition 2.12. If M is a free Z-module with n free generators a1,...,4n, 


and b1,..., by is another set of its free generators, then for some matriz [ci;]| 
with elements from Z and determinant +1 one has 


b; = >> cija;. (2.5) 
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Conversely, if a1,...,@n generate freely a Z-module M, and the elements 
bi,..-,bn of M are related to the a;’s through (2.5) with det[c;] = +1, then 
they also form a free basis of M. 


Proof : If the a,;’s and b,’s are free generators, then the matrix [c;;] has an 
inverse with elements in Z, and so its determinant equals 1 or —1. The second 
part of the proposition results from the observation that under the given 
conditions the matrix [c;;] has an inverse with elements in Z. Oo 


Corollary. If [K : Q) = n and M C Rx is a free Z-module with n free 
generators, then the discriminant of a basis of M does not depend on the 
choice of that basis. 


Proof : This follows from the proposition just proved and Proposition 2.9 
(ii). | 


Proposition 2.12 suggests the following definition: if M C Rx is a free Z- 
module with n = [K : QJ free generators, then the discriminant dx/q(M) of 
M is defined as the discriminant of any basis of M. In particular, if M = Rx, 
then this discriminant is called the discriminant of the field K, and is denoted 
by d(K). It is the discriminant of any integral basis of K. Proposition 2.9 (ii) 
shows that |d(K)| equals the greatest common divisor of all dx/g(v1,-.-; Un) 
with vj,...,Un € Rx. The next proposition makes this fact more precise: 


Proposition 2.13. If ai,...,@, are linearly independent over Q, then 
dxjg(a1,---,;@n) = m?d(K), 


where m is the index in Rx of the Z-module M generated by the a;’s. 


Proof : Let w,,...,wW, be an integral basis of K, and choose the numbers 
bi,...,5n € M in such a way that 


a 
b = So cinwe (cx €Z,i=1,...,n), 
k=1 

where c;; is positive and as small as possible. As in the proof of Proposi- 
tion 2.11 we see that the 6,’s form a set of free generators for M, and that 
a1 thwe (with t, € Z) can lie in M only if c;; divides t;. This shows that 
the numbers hn 

So onwe (0 < an < Cee, k = 1,...,n) 

k=1 
are pairwise incongruent mod M, and obviously there are c11 - ++ Cnn of them. 
We shall show that they represent all residue classes mod M. Let 
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€=So Awe (x € Z) 


k=1 
be an arbitrary element of Rx, denote by p, the least non-negative residue 
of A» mod Cyn, and put Ay, = (An — Un) /Cnn. Then 


n-1 


g a. Anbn + PnWn + So Ok = AnCnk Wk. 
k=1 


If by u,z—1 we denote the least non-negative residue of 
es Roe Ag Crit mod Cn—-1,n-1) 
and put 
, An-1 = (An-1 = An€n,n-1 oa fina) Cat is 
then 
gE =Anbn + An—1bn—-1 + UnWn + Un-1Wn-1 


n—2 
+ So Ok — Anne — An—1Cn-1,k)Wk- 
k=1 


Continuing this procedure, we finally obtain an equality of the form 


n n 
E= DT Arde + D0 unwe (OS be < Cees Mes Ae € Z), 
k=1 k=1 


and so “ 
f= So unwe (mod M), 
k=1 
as required. Now it suffices to observe that 


dx a (a1, sees Gn) = dx/g(b1, oe bn) = (ci sr Cnn)7d(K), 
by Proposition 2.9 (ii). O 


Corollary. Ifa € K is non-zero and I =aRx, then N(I) = |Nx Q(a)|. 


Proof : Since both sides of the asserted equality are multiplicative in a, we 
may assume that a € Rx. Let w1,...,w, be an integral basis of K. Then aRx 
is the Z-module generated by aw ,...,@w,, hence the proposition implies 


N(1)? = dxjq(awi,...,awn)/d(K), 


but obviously dxg(aw1,..., awn) = Nz /(@)a(K), and our assertion follows. 
O 


In the case when M is the Z-module generated by 1,a,...,a”~1, where a 
is an element of Rx of degree n = [K : Ql, ie., M is the subring Z[a] of Rx, 
generated by a, then the index of M in Rx is called the index of a in Rx, 
or, which is slightly incorrect, the index of a in K. 
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4. Not every non-zero rational integer is a discriminant of an algebraic num- 
ber field. This is implied by the following result of L.Stickelberger [97]: 


Theorem 2.14. The discriminant d(K) of a field K is congruent either to 
0 or tolmod 4. 

Proof : Let Q = {wi,...,wn} be an integral basis of K, and let wt) 
(i,j = 1,2,...,n) be all the conjugates of the w;’s. For a permutation 


P = (p1,.-.-, Mn) of the set {1,2,...,n} put Sp = wht)... gin), Then 


det[w] = S~ Sp— S> Sp=A-B. 
P even P odd 
If L is the field generated by all conjugates of the w,’s, then A,B € Rz, and 
moreover the numbers A+ B and AB are rational integers, since they are 
invariant under the automorphisms of L. Now 


d(K) = (A-—B)? =(A+ B)? —4AB=(A+B)? (mod 4), 
and so d(K) =0,1(mod 4). Oo 


Our next proposition, due to A.Brill [77], determines the sign of the dis- 
criminant. 


Proposition 2.15. If [r1,r2] is the signature of K, then sgnd(K) = (-—1)". 


Proof : Once again let wi,...,Wn be an integral basis of K, and wi ) the 
conjugates of w;’s. Write det fw] = d, + idg with d,,d2 € R. Since the 
change of 7 into —7 in this determinant is equivalent to the interchange of 
rg pairs of rows, we have d, — idy = (—1)"2(d; + id2). If re is even, this 
implies dz = 0, hence d(K) = d? > 0, and if rg is odd, then d, = 0 and 
d(K) = (id)? = —d3? < 0. Oo 


We conclude this subsection with a result of L.Kronecker, which will be 
strengthened later (see Corollary 1 to Proposition 4.15), however we prove it 
here, as it will be of some use in the sequel. 


Proposition 2.16. IfQ Cc K CL, then d(K) divides d(L). 


Proof : Let [K : Q|] = m, [L: K] = n. Let aj,...,am be an integral basis 
of K, and choose @m41,.--;@mn € Ry so, that the resulting set a1,...,@mn 
is Q-independent. Proposition 2.11 implies the existence of an integral basis 
W1,---;Wmn Of LD such that 
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j 
aj= So Cyne Qj = 1,...,mn) 
k=1 


holds with cj, € Z. The elements w1,...,Wm lie in K, and the Z-module 
generated by them contains an integral basis of K, hence they form an in- 
tegral basis of K. As usual, denote by ae the conjugates of the w,’s, and 
let F,,..., Fim be embeddings of L into C satisfying wi? = Fj(w;) for i,j = 
1,...,m. Denote the remaining embeddings of D in C by Fin4i,.--,Fmn; 
and assume that F;(w;) = wi!) holds for all j andi = m+1,...,mn. As- 
sume moreover that for z € K and i = k(mod m) one has F;(x) = F;,(a). 
Consequently we get 


wi) wl) gf a” wd) wt)? 
a) wi?) gg) (m) mo wf”) 

= 1 +1 
wn wy Oe uy 

a CS oe eae 

wi) un) 0 0 
eS re Se) 0 0 

=| a +1 1 
wo we we ory Psu) wimn) a wh), 
Oh) ol) — of, fra) — fon 

=d(K)a, 


where a is an algebraic integer. However a = d(L)/d(K) is rational, and thus 
it is a rational integer. O 


5. Now we shall compute some examples of integral bases and discriminants. 
We start with a lemma which is sometimes useful in determining the discrim- 
inant. 


Lemma 2.17. Let a be an algebraic integer, and let K = Q(a) be the field 
generated by it. If the minimal polynomial over Q of a is Kisensteinian with 
respect to the prime p, i.e., it has the form X” + @n_1X"7!++-++ a9, with 
0, -++;Qn—1 divisible by p and p* { ao, then the indez of a in K is not divisible 
by p. 


2.2. Discriminants and Integral Bases 61 
Proof : Our assumptions imply that a”/p is an integer, and, moreover, p 
does not divide Nx g(a). Assume that p divides the index of a. Then there 
exists an integer € € Rx of the form 


g = (bo + bya Ap ate bn-1a"*)/p (bi € Z), 


not all of the b;’s divisible by p. Let 7 be the minimal index with p { b;. Then 
the number ; 
n = (bjad +--+ +bn-10"~")/p 
=€-(bo+bia4+--++ bj-1a7~1)/p 


is an integer, and so is also 
¢ = ba" /p = na”) — a” (bj41 + bj420 + ++ + bn_1a™4~?)/p. 
This implies 
Pp” Nxa(6) = Nx/o(p6) = Nxjo(bja""') = 07 Nxjo(a)” "> 


hence p has to divide b;, contrary to the choice of j. O 


With the use of this lemma it is sometimes possible to find the exact power 
of a prime p dividing the discriminant of a field K. This happens when we 
have an integer a generating K, and satisfying the conditions of the lemma, 
because then, by Proposition 2.13, dx /g(a) and d(K) are divisible by the 
same power of p. 

Another fact will be used quite often, namely the equality dx/g(a) = 
dx/g(a+n) for n € Z, which follows directly from (2.4). 

Let us now give some examples. We begin with quadratic fields. 


Theorem 2.18. Let D be a square-free rational integer, and let K = Q(vD). 
Then ( 

_joD if D =1(mod 4), 
dK) Vi otherwise, 


and an integral basis of K is formed by 1,w, where 


w= { 4 vDi/2 if D =1(mod 4), 
VD 


otherwise. 


(It is irrelevant which of the two possible square roots of D we take here; 
however, it is convenient to assume that for positive D the number VD is 
assumed to be positive, whereas for negative D the square root lies on the 
upper imaginary half-axis.) 


Proof : The polynomial X? — D is Eisensteinian for any prime dividing D, 
and since its discriminant equals 4D, we obtain for even D the equality 
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d(K) = 4D by Lemma 2.17 and Proposition 2.13. If D = 3(mod 4), then the 
polynomial (X + 1)? — D is Eisensteinian for p = 2, and since its root equals 
VD — 1, and its discriminant is 4D, we get again d(K) = 4D. Since in both 
cases we have dx/g(1, VD) = 4D, the numbers 1 and VD form an integral 
basis. 

If D = 1 (mod 4), then w is integral, being the root of X?—X +(1—D)/4. 
Moreover its discriminant equals D, which is square-free, thus by Proposition 
2.13 we get d(K) = D, and 1,w form an integral basis. O 


Now let K be a pure cubic field, ie., K = Q(%/m) with m € Z, not 
divisible by a cube of a prime. We can write m = ab? > 0 with ab square-free 
(thus (a,b) = 1). Moreover, in the case 3|m we may assume 3|a, 3 { b, because 
the fields generated by Wab? and Wa?6 coincide. 


Theorem 2.19. If K = Q(6), where 0 = %/m with m = ab? as given above, 
then one distinguishes between three cases: 

(i) m # +1(mod 9). Here d(K) = —27(ab)?, and the numbers 1,0, 6?/b 
form an integral basis, 

(ii) m = 1(mod 9). In this case d(K) = —3(ab)?, and the numbers 
0,67 /b, (1 +0+67)/3 form an integral basis, 

(iii) m = -1(mod 9). Here d(K) = —3(ab)*, and an integral basis is 
formed by 0, 67/b, (1 — 0 + 6?)/3. 


Proof : Using Proposition 2.9 (iv) we get dx/g(@) = —3°m?. The minimal 
polynomial for 9, X3 —m, is Eisensteinian for every prime divisor of a. If 3la, 
then we get 3°a?|d(K), and if 3 | a, then 3a?|d(K). The number 3 = 6?/b 
is a root of X3 — a?b, which is Eisensteinian for every prime dividing b, and 
therefore b?|d(K). Finally we obtain d(K) = —3% (ab)?, where N is equal to 
3 if 3|m, and is equal to either 1 or 3 otherwise. 

If m # +1 (mod 9), then m3 # m(mod 9), thus (X + m)3 — m is Eisen- 
steinian for p = 3, and the discriminant of its root @ — m equals —3°m?. 
Hence Lemma 2.17 implies d(K) = —3°(ab)?. 

If m = 1(mod 9), then the number ~ = (1+ 6+ 67)/3 is an integer, since 
it is a root of the polynomial 


l1—m (m —1)? 
3_y2,li-m, (m—i)" 
xX? -—X* 4+ 3 x a7 


This shows that the index of 6 is divisible by 3, and Proposition 2.13 leads 
to d(K) = —3(ab)?. 

A similar argument applies to the case m = —1(mod 9), in which case 
we have to consider (1 — 6 + 67) /3 in place of w. 

The assertion concerning integral bases can be now verified directly by 
calculating the discriminants of the relevant sets, and noting that they are 
equal to the field discriminant. O 
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As our last example we consider cyclotomic fields K = Q(¢,) in the case 
when n is a prime power. The general case will be treated in Chap. 4 (see 
Theorem 4.27 (ii)). 


Theorem 2.20. Let p be a prime, n > 1, gq = p” > 2, and let ¢, be a 
primitive q-th root of unity. Put K = Q(¢q). The extension K/Q is normal 
of degree N = y(q) = p™ 1(p — 1), and its Galois group is isomorphic to the 
multiplicative group G(q) of residue classes mod q, not divisible by p. The 


numbers 1,¢,,...,¢N~+ form an integral basis of K, and 
q q 
ae ifp =2,n> 2, 
d(K) =} -4 ifp=n=2, 


e(p")p“ fp > 2, 
where M = ny(p") — p“1, and 


n\ _ 1 <ifp=1(mod 4), 
dey=4 3 if p = 3(mod 4). 


Proof : Since every g-th root of unity is a power of ¢,, the normality of 
the extension follows. To show that N = ¢(q) it suffices to establish the 
irreducibility of the polynomial 


W(X) = (X?" —1)/(XP"" -1) 


over the rationals, as W(¢,) = 0. Consider F(X) = W(X +1). Easy induction 
shows that for 7 = 1,2,... we can write 


(1+.X)?"* =(14+.X”"")) (mod p), 


and therefore 


p-1 . P 
F(X)= S> (1 + xP)" = Ss; Cee = xP" *(P-1) (mod p). 
j=0 j=l 


Since F(0) = W(1) = p we see that F is Eisensteinian with respect to 
p, hence is irreducible over Q, and the same holds for W. This proves our 
assertion about the degree of K. To determine the Galois group observe that 
the irreducibility of W implies that all primitive roots of unity of order q 
are conjugated, and so for 1 < a < q, p{ a the map ¢, ++ ¢j extends to 
an automorphism g, € Gal(K/Q). One sees easily that the associated map 
G(q) —> Gal(K/Q) is an isomorphism. 
To find the discriminant we use Proposition 2.9 (iv), which gives 


dx jq(Cq) = +Nxjq(W’ (¢q))- 


Since 
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. p° 
Ww (Cg) = = ——— 
Ca ( on 1) 
Nxo(¢q) = 1, and cen = G is a primitive p-th root of unity, we get 
(4) 
fee eS ee 
Nx/o(Sp — 1) 


If Ko = Q(G,), then, using Proposition 2.4 (iii), we get 


Nxjo(or ~ 1) = Nxo/e (NK/Ko (Sp — 1) 
Nei (G Fs 1r@/e-0) 


= Nxo/o(Sp — 1)? 


The formula for d(k) follows now from the equality 


dxa(Sq) =; 


Nxo/o(p -T¢-n= 1)?- y Ta - = 1)?-1p, 


and its sign e(q) is determined by Proposition 2.15. 

Finally, observe that dx/@(¢q) = dx/e(¢q — 1), and ¢, — 1 is the root of 
W, which, as we have seen, is p-Eisensteinian. Therefore dx /g(¢,) = d(K), 
and the powers of ¢, form an integral basis. O 


6. The results of the preceding subsection show that certain fields K have 
integral bases, consisting of powers of an element a € Rx, in which case 
Rx = Z{a}. Such fields are called monogenic, and such a basis is called a 
power integral basis. A necessary and sufficient for a field to be monogenic is 
the existence of an element a € Rx having index 1, i.e., satisfying d(K) = 
dx/g(a). It has been discovered by Dedekind [78] that there exist fields K in 
which the greatest common divisor of the indices of elements of Rx is greater 
that 1. Obviously such field cannot have a power basis. Here is Dedekind’s 
example: Let K = Q(a), where a is any root of the irreducible polynomial 
X3—X*—2X —8. The number b = (a? +a)/2 is a root of X?—3X?-10X —8, 
hence is integral, and one has dx /g(1,a,b) = —503. Since 503 is a prime 
number, this shows that 1,a,6 is an integral basis of K and d(K) = —503. 
We shall now prove that for all r € Rx one has 2\dx/g(x), and so every 
integer of K has an even index. 

Write « = A+Ba+Cb with A, B,C € Z. Since b? = 6+2a+3b, a? = 2b—a 
and ab = 2b + 4, we have x? = (A* + 6C? + 8BC) + (2C? — B? + 2AB)a+ 
(2B? + 30? + 2AC + 4BC)b, and hence 


1 0 0 
dxjg(t)=|A B C |=(BC)?(B+C)=0 (mod 2). 
A? —B? 3C? 
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Rational integers > 1 which divide all indices of integers of K are tradi- 
tionally called common non-essential discriminantial divisors. We shall con- 
sider them more closely in Chap. 4 (see Theorem 4.34 and Proposition 4.36). 

Even if K has no common non-essential discriminantial divisors, a power 


basis need not exist. To give an example we prove first a result of Hensel 
[94b]. 


Proposition 2.21. To every field K of degree n over Q there corresponds a 
form F of degree n(n —1)/2 inn —1 variables with coefficients from Z such 
that the set 


{|F(a1,-.-,@n—1)|: @1,-+-,@n—1 € Z} \ {0} 


coincides with the set of indices of integers of K. 


Proof : Proposition 2.11 implies the existence of an integral basis of K of the 
form w; = 1,we,...,Wn. If now x = Soy, Aim; € Rx (A; € Z), then the 
index of x equals the index of x — Ayw, = x — Aj. To calculate it explicitly 
observe that for 7 = 1,2,...,n we have 


(eA = Dos FO(A Qyere An)Wk, 


where the fo +s are forms of degree 7 in n — 1 variables, with coefficients 
in Z. Propositions 2.9 and 2.13 imply that | det G f | equals the index of 
x if x generates K, and equals 0 otherwise. Putting F(X1,...,Xn-1) = 
det bec ae Xai) we obtain the assertion. O 


The form occurring in this proposition is called the index form. Of course, 
it depends on the choice of the integral basis. A field has a power basis 
if the index form represents 1 or —1. To give the promised example of a 
non-monogenic field without common non-essential discriminantial divisors 
consider K = Q(%/m), with m = ab?, ab square-free, 3 { m and m not 
congruent to +1 mod 9. By Theorem 2.19 the numbers 1, </m, Vm? /b form 
an integral basis of K, and a short computation shows that the index form 
F equals }X? — aX3. Since (a,b) = 1 and F represents both a and 6, there 
cannot be any common divisor of the indices of integers of K. Now putting 
a = 7,b = 5 we obtain a non-monogenic field, since the form 5X 3— 7X3 does 
not represent +1, the congruence 5X? = +1 (mod 7) being insolvable. 
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2.3. Applications 
of Minkowski’s Convex Body Theorem 


1. In this section we shall present some results concerning evaluations of field 
discriminants, obtained by means of the convex body theorem of Minkowski. 
We start with a classical lower bound for d(K), proved first by Minkowski 
[91b}: 


Theorem 2.22. If the field K of degreen > 1 has the signature [ri, ra], then 
aK > (EV (RY 
>{-— are . 
wool 7)" Fr) 


We shall utilize a lemma, of which our theorem is an easy consequence: 


Lemma 2.23. Let K be a field of degree n and signature [ri,r2]. If M is a 
Z-module of finite index m in Rx, then there is a non-zero a € M such that 


INicrala)l sm (2) (2) VaR 


nr 


Proof : Let W be the homomorphism of the additive group of Rx into the real 
n-space, occurring in Lemma 2.1, and put A = W(M). Since W is injective 
we see that A is a lattice, and one checks without pain that its discriminant 
d(A) equals m,/|d(K)|2~"2. 

Now choose ¢t > 0, and let X; C R” be defined by 


Xt ={[z1, vey Dry Yry tls ry 41+ + +5 Yk Zp] : 
TL k 
S- |zi| +2 S> fyi + 23 < th, 
i=l jenit1 


where k = 7, + rg. The set X; is convex, bounded and symmetrical about 
the origin. We prove now that its volume equals 


V(X) = 2" (5) 


In the case of r; + re = 1 this is evident. Assume now that (2.6) holds for 
rT, = A and ro = B. Then for 7; = A+ 1, ro = B we have 


r2 t” 
at (2.6) 


9A-B,B t aes 
V(X) =Gagpy fe le) Pae 


gAt+1-B,B 


ses A+2B+1 
(A+1+ 2B)! 
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and, similarly, for r; = A, re = B+1 we get 


9A-By B 


X:) =. £ — 2y/y? + 22)4t?F dyd 
MA = (A+2B)! er Lee ) oe 
gA- 1- —B,1+B 


= A+2B+2 
(A+2+ 2B)! ‘ 


For any given € > 0 determine ¢ = t(€) from the equality 


t” =m(2)" nly/|d(K)| +e. 


Then V(X;) exceeds 2"d(A), and so the convex body theorem implies the 
existence of a = a(e) # 0 in M such that the point W(a) lies in X¢. If 
W(a) = [11,..., 2%], then 


Yolal +2 3 fue +29 <t. 


j=ritl 


The inequality between the arithmetic and geometric means implies now 


1/n 
ny t 
INxjo(a)|"/" = Tle Tl w+a}) <t, 
j=Hltri 
whence 
t” 4\"? nl € 
INxel@ls—sm(=) 2 VidiKi+—. (2.7) 


Observe finally that for « € (0,1) we have only finitely many number of 
possibilities for a(e), and so there must exist an a9 € M, satisfying the last 
inequality for all « > 0, and this establishes the lemma. 0 


Proof of Theorem 2.22: Apply Lemma 2.23 with M = Rx, m = 1, and 
observe that for non-zero a € Rx we have |Nx/Q(a)| > 1. 0 


Let us point out three consequences: 


Corollary 1. If K is a field of degree n, then 
11\? (re2\" 1 
= , : 
ja(K)| 2 (5) ( 4 ) 27n ee) 


-1/2 


Proof : Stirling’s formula gives n”/n! = exp(n — 0/12n)(27n) with a 
certain 0 < 3 < 1, and since exp(1/12) < 12/11 and n > 1, the stated 
evaluation results. O 
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Corollary 2. If K # Q is an algebraic number field, then |d(K)| > 1. 


Proof : It suffices to observe that the function 
f(t) = tlog(me?/4) — log t — log(2m) — log(144/121) 
is positive at ¢ = 2 and increases in [2, co], and apply Corollary 1. O 


Denote by M(r1,r2) the smallest absolute value of the discriminant of a 
field with signature [r1, ra]. 


Corollary 3. One has lim,,47,+00 M(ri,r2) = co. oO 


2. Now we can prove the result of Hermite. mentioned at the beginning of 
section 2. 


Theorem 2.24. Only a finite number of fields can have the same discrimi- 
nant. 


Proof : By Corollary 3 to the preceding theorem we can restrict ourselves to 
fields of a fixed degree, say n. We may also fix the signature [ri,r2], and let 
k =r,+rg. Let D bea fixed natural number, and let K be any field of degree 
n with |d(K)| < D. We shall show that K = Q(a), with a from a finite set 
depending only on D. If r; #0, then define 

X = {[01,. 06, Ley) Yrs Sry tds +++ Se]: [Bil < Ci, y; + 23 <1, 

eine (ie? paneer ia ee) =r,+1,...,k} Cc R” 
with C} = /D+1and C;=1 fori>1. 

If r, = 0, then put 
Y= {lyi, 21;- ae Uk, Zk] se lyi| <i, |z1| <VD+1, 
yp +23 < 1,7 = 2,3,...,k} CR". 


It is easily checked that the volumes of these sets are equal to 
V(X) =2"0"VD4F1, V(Y) =40"-!VD 41, 
and so the quotients 
Vix) YO) 
arte /Td(R)] are ia] 


exceed 1. If W is the map Rx —> R” defined in Lemma 2.1, then the convex 
body theorem implies the existence of non-zero points from W(Rx) in X 
and Y, respectively. Let a be one of them. Since the absolute values of its 
conjugates are bounded by a value depending only on D, the coefficients of 
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its minimal polynomial over Q are bounded, and so we get finitely many 
possibilities for a. 

It remains to prove the equality K = Q(a). If r; 4 0, then 2 is the only 
conjugate of a lying outside the unit disc, since if it would lie inside or on the 
boundary of that disc, then we would have |Nx/9(a)| < 1. If r,: = 0, then 
yi + iz, are the only conjugates of a having that property. Moreover z; # 0, 
since otherwise every conjugate of a would lie in the unit disc. Thus in all 
cases there exists a conjugate of a, distinct from all other conjugates, and so 
a generates K. O 


2.4. Notes to Chapter 2 


1. The first systematic investigation of integers lying in an algebraic number 
field # Q was carried out by Gauss [32], who considered integers of Q(#), 
and used them for the study of quartic reciprocity. He also suggested that 
numbers of the form a+ b¢3 (a,b € Z), i-e., integers of Q(¢3), should be 
used in investigation of cubic reciprocity. He never returned to this subject 
himself, and the suggested study was carried out by Eisenstein [44a]. Jacobi 
[39] expressed the opinion that Gauss was led to complex integers through his 
research concerning the division of the lemniscate. In this book we shall not 
consider questions related to various reciprocity laws. The interested reader 
should turn to the book of Lemmermeyer [00], which gives a broad historical 
introduction into that subject. 

The integers of Q(¢3) had been earlier used by Euler [70] (see Bergmann 
[66a]), and integers of Q(V5) and Q(iV7) by Dirichlet ((28], [32b]) in the 
proof of Fermat’s Last Theorem for exponents 3, 5 and 14. They did not 
develop the properties of the integers considered except those few which they 
applied directly. A study of the connection between early research concerning 
algebraic numbers and Fermat’s Last Theorem can be found in Edwards [77]. 

Arbitrary quadratic fields appear first in Dirichlet [32a], who noted that 
expressions of the form ¢ + u,/a with a square-free a should be subject to 
theorems similar to those which concern the complex integers a + bi. He did 
not suspect at that time that arithmetic in arbitrary quadratic fields may 
substantially differ from that in Q(z). 

Integers of arbitrary algebraic number fields appear first in Dirichlet [46]. 
Dirichlet’s definition of integers differs from the used today since in the field 
Q(a) he regarded as integers only elements of the ring Z[a], generated by 
a. Integers in the cyclotomic fields Q(¢,), with prime p appear in Kummer 
[47a,b]. The modern definition of algebraic integers and also the definitions 
of the discriminant and the integral basis are due to Dedekind [71]. 

An early survey of the beginnings of the theory of algebraic numbers may 
be found in H.I.S.Smith [94]. A good insight into the early stages of this 
theory may be gained through Dickson et al. [23b]. A complete bibliography 
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up to 1896 is included in Hilbert’s classical work (Hilbert [97]), which laid 
foundations for modern development. 

Of the many books devoted to algebraic numbers we mention here only 
a selection: Artin [59], [67], Borevich, Shafarevich [64], Cassels, Fréhlich [67], 
H.Cohn [78], Eichler [63], Frohlich, Taylor [93], Hasse [49], [50a], Hecke [23], 
Ireland, Rosen [82], Janusz [73], Koch [90], [97], Landau [18e], [27a,vol.II]], 
Lang [64], [70], Long [77], Mann [55], Marcus [77], Mollin [99], Neukirch 
[92], Ribenboim [01], Samuel [67], I.Stewart, Tall [79], Swinnerton-Dyer [00], 
H.Weber [96b], E.Weiss [63], Wey] [40]. 

The modern theory of cyclotomic fields is exposed in Lang [78] and Wash- 
ington [82]. 

Expositions of class-field theory, a subject which we shall not touch in 
this book, were given in Artin, Tate [68], Cassels, Frohlich [67], Chevalley 
[54], H.Cohn [78], Goldstein [71c], Gras [03], Hasse [26c], [67], Iyanaga [75], 
Weil [67]. A new foundation of that theory, which seems to be the simplest 
known, was presented by Neukirch [84], [86] (cf. Neukirch [94]). For a concise 
survey see Narkiewicz [96]. 

Computational methods in algebraic number theory were treated in 
H.Cohen [93], [00a], Pethé, Pohst, Williams, Zimmer [91], Pohst [87], [93], 
Pohst, Zassenhaus [89] and Zimmer [72]. 

For problems and exercises see Esmonde, Murty [99]. 


2. The definitions of norm and trace are due to Dedekind [71]. A characteriza- 
tion of the norm was obtained in Artin [50b] and Flanders [53a]. The problem 
of finding algebraic numbers of given norm a in an algebraic number field K 
is easily reducible to a diophantine equation. Indeed, if 2 = {w1,..., wy} is 
an integral basis of K, then 


Fo(X1,..-;Xn) = Nod, Xj5) 
j=l 


is an n-ary form in n variables, hence our problem consists in finding rational 
solutions of the equation F(X1,...,X,) = a, and if one looks for integers 
of K with norm a, then one has to look for rational integral solution of this 
equation. This question has been subject to a long development and is treated 
e.g. in Borevich, Shafarevich [64]. See also Bartels [80], Bugeaud, Gyéry [96b], 
Garbanati [80], Gyéry [98a], Gyéry, Papp, W.M.Schmidt [72] and Siegel [73] 
(in case of a normal extension). Surveys were given in Evertse, Gyéry [88b], 
Gyéry [98b], [99]. 

Gyéry and Pethé [75], [77] considered the number ®,(t) of the number 
of solutions of F9(X1,...,Xn) = a, satisfying |x;| < t, and showed that if 
®,(t) is non-zero, then for t tending to infinity one has 


&,(t) = clog” t + O(log” 't), 
with c > 0 andr =r; +12 —1. Cf. Pethé [74]. 
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Elements of an algebraic number field K which are norms in every 
cyclic or Abelian extension of it were studied in Ax [62]. The factor group 
Kk*/Nz/x(L*), which in case of a normal extension L/K with Galois group 
coincides with the cohomology group H°(G, K*), was considered in Hiirli- 
mann, Saltman [85], Opolka [87], [91]. This factor group is infinite, as shown 
in Stern [90] (cf. Hutchinson [95a)). 

An extension L/K is called solitary if for any finite extension M/K sat- 
isfying Np/x(L*) = Nujx(M*) follows that the extensions L/K and M/K 
are isomorphic. For Galois extensions this was considered in Guralnick, Stern 
[95] and Stern [89], and the non-Galois case was treated in Stern [99]. See 
also Coykendall [96], [00]. 

A formula for the index of Ty;~%(Rz) in Rx in the case when L/Q is 
Abelian and K Cc L, was proved in Girstmair [92b]. 

There are only finitely many algebraic integers of given degree, discrim- 
inant and norm (Gyéry [73], see also Gyéry [81a], [81b], [83], [84], Gyéry, 
Papp [77], [83], where also certain generalizations have been considered). For 
the cubic case see Delaunay Faddeev [40], Nagell [30]. 

Schur [18a] proved that if c < //e = 1.6847..., then only finitely many 
totally real and totally positive integers of degree n can have their trace 
smaller than cn. Siegel [45a] proved that for c = 3/2 the only such integers 
are 1 and (3+ V5)/2, and conjectured that for any c < 2 there are only 
finitely many such numbers. See Dinghas [52], Hunter [56], Smyth [84a]. 

Totally positive integers with a given trace in a totally real field were 
studied in Behnke [23]. It has been shown in de Smit [93] that if a is an 
algebraic number of degree n such that the powers a’ have integral traces for 
4=1,2,...,n+ log, n, then a is an algebraic integer. 

The book of Conner and Perlis [84] is devoted to the study of the 
quadratic form Tx (27), which arises when x € Rx is written in the form 
t= SY _, £;w;, where {w;} is an integral basis of K. Schinzel [75a] consid- 
ered the function Tx /g(f(X)) for a polynomial f ¢ K[X], and showed that 
in case of a real field K it cannot be negative for all values of x € K. Cf. 
Bazylewicz [82]. 

Lemma 2.3 is very old (cf. Coolidge [08], Cucker, Corbalan [89], Kneser 
[42]). 


3. Theorem 2.5 was proved by Kronecker [57a]. Other proofs of part (i) were 
given in Greiter [78] and Spencer [77], and of part (ii) in Lehmer [32]. Schur 
[18a] generalized part (ii) by showing that an interval on the real axis of 
length smaller than 4 can contain only a finite number of full sets of conjugates 
(FCS) of an irrational algebraic integer, and this was put in a broader context 
by Fekete [23]. He proved that every compact subset of the complex plane 
with transfinite diameter less than 1 can contain at most finitely many FCS. 
Since the transfinite diameter of a real interval of length a equals 4a, this 
generalizes Schur’s result. A further generalization, relating the problem to 
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Julia sets, arising in the study of polynomial dynamics, appears in Moussa, 
Geronimo, Bessis [84]. See also Flammang, Rhin, Smyth [97]. 

A plane analogue of Theorem 2.5 is due to Fekete and Szegé [55]: if E 
is a set on the complex plane, closed under conjugation. whose interior con- 
tains a subset with transfinite diameter equal 1, then & contains infinitely 
many FCS. (For far reaching generalizations see Cantor [80], Chinburg [91], 
Rumely [89], [00], Rumely, Lau, Varley [00]). Another proof of Theorem 2.5 
appears in Cantor [80]. There is no analogue of the Fekete-Szeg6 theorem for 
real sets, since there are such sets with arbitrary large transfinite diameter, 
not containing any algebraic numbers (Robinson [64a]; cf. Robinson [64b,c]). 

Ennola [75a] showed, confirming a conjecture of Robinson [62], that in 
Theorem 2.5 the resulting FCS may consist of numbers having an arbitrary 
sufficiently large degree. Therefore, if [(n) denotes the smallest positive num- 
ber such that every closed interval of length > I(n) contains FCS of an integer 
of degree n, then lim,_,.. I(n) = 4. For infinitely many n one has 


(log log n)? 
logn 


(Dubickas [00a]), and I(2) = V2 + (1+ V5)/2 (Dubickas [99]). 

Straight lines containing infinitely many FC'S were described in Motzkin 
[45], and circles with that property were dealt with in Robinson [69], En- 
nola [73a], Ennola, Smyth [74], [76]. The same problem for arbitrary conics 
was studied in Smyth [82]. For similar questions see Cantor [76], Ferguson 
[70], Greaves, Odoni [88], Nishizawa, Sekiguchi, Yoshino [91], Odoni [91a], 
Robinson [67], J.G.Thompson [93]. 

Theorem 2.3. obviously fails for non-integers. Indeed, there are plenty of 
algebraic numbers a with |a| = 1 which are not roots of unity, and it was 
shown in Blanksby, Loxton [78] that a totally complex field K is a quadratic 
extension of a totally real field (such fields are called C.M-fields) if and only 
if K = Q(a) with Ja] = 1 and a 4 +1. Numbers having some conjugates on 
the unit circle were considered in Halter-Koch [71a]). 

It has been proved in Motzkin [47] that if 21, z2,...,2n—1 is a given set 
of complex numbers, closed upon conjugation, then for every € > 0 one can 
find an algebraic integer a of degree n, whose conjugates a, = a, a2,...,@n 
satisfy ja; — 2;| < € fori =1,2,...,n—1. 


I(n)<4+4 


A, In this subsection we shall assume that a is a non-zero algebraic integer 
of degree n, which is not a root of unity. For such numbers one defines its 
Mahler’s measure M(a) by the formula 


M(a)= [[ maxt1, lal), 
i=1 


where @ = a1, Q2,...,@,, are all conjugates of a over Q. Lehmer [33a] asked, 
whether for every € > 0 there exists a with 1 < M(a) < 1+, but nowadays 
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one believes generally that the converse is true, and therefore the following 
assertion is known as Lehmer’s Conjecture: 
There exists a constant C > 0 such that one has 


M(a) >1+C. (2.9) 


The smallest known value of M(a) is 1.176..., realized by a root of the 
polynomial X1° + X9 — X7 — X® — x5 — X4— X34 X +1 (Lehmer [33a]). 

Lehmer’s conjecture is related to a question posed by Schinzel and Zassen- 
haus [65], who proved that if a has 2s non-real conjugates, then 


ja] = t4-4-*-? 


holds. They asked whether there exists a positive constant c such that for 
every non-zero integer a of degree n, which is not a root of unity, one has 


<= Cc 
| Labi (2.10) 
It has been shown in Pinner, Vaaler [99] that this problem is equivalent 
to a question about the number of irreducible factors of a polynomial with 
coefficients in an algebraic number field. If Lehmer’s conjecture turns out 
to be correct, then we would have also a positive answer to the question of 
Schinzel and Zassenhaus with c = log(1 + C), due to the obvious inequality 


M(a) < al”. 


A polynomial P of degree N is said to be reciprocal, if P(X) = X% P(1/X). 
Breusch [51] and Smyth [71] showed that Lehmer’s conjecture holds for those 
a’s, whose minimal polynomials are non-reciprocal, and in Blanksby [69] it 
was shown that the same holds in the case when a has many real conju- 
gates. Smyth proved also that the minimal value of M(a) for these a’s equals 
6 = 1.3247..., realized by a root of X* — X — 1. and this implies 


— log é a8 Lee 
ja] > 1+ “3 = 14 ; 


For large n the constant .281 has been improved in Dubickas [97c] to .3096. 
Cassels [66] proved that in this case (2.10) holds with c = 1/10, and in 
Schinzel [69] this constant was doubled. 

For an analogue in the case of roots of non-reciprocal polynomials with 
coefficients in a totally real field see Schinzel [73], Bazylewicz [76]. 

In Blanksby, Montgomery [71] the inequality 


1 1 


> oe 
eye te 52 nlog(6n) 


was obtained, and this has been improved by E.Dobrowolski, who first estab- 
lished Theorem 2.4 (Dobrowolski [78]), and then showed (Dobrowolski [79]) 
that for n > oo one has 
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log logn s 
ee (2.11) 


M(a) > 1a ( aa 


with c; = 1+ o(1) (he pointed out that for all n one can take cy = 1/1200), 


and a 
— co. [floglogn 
ja] > 1+ = ( Pee" | (2.12) 


with cp = 2+ 0(1). Up to the value of the constants c),c2 this remains still 
the best step towards Lehmer’s conjecture. The largest known value of c; is 
2.45 + o(1) (Louboutin [83]), and that of cg is 64/7? + o(1) (Dubickas [93]). 
Previous results gave c; = 2+ o0(1) (Cantor, Straus [88], Rausch [85]). See 
C.L.Stewart [78] for a proof of M(a) > 1+ alan with C = 10-4 and Matveev 
[91] for an improvement of the constant in Theorem 2.4 for n < 2300. Explicit 
bounds gave Voutier [96], who obtained a.o. log M(a) > 0.25(log log n/ log n)? 
for n > 2. 

Amoroso [98] gave an upper bound for the resultant of two polynomials, 
and this led to a new proof of the theorem of Dobrowolski. 

There are also analogues of the above results in the case of totally real 
integers a of degree n, which are not of the form a = cos(27r) with rational 
r. Already in Schinzel, Zassenhaus [65] it has been established that in that 
case 


= 1 
la| >2+ nts: 
Later i 
Jal > 2 


+ Po 
300n? log? n 
was proved (Blanksby, Montgomery [71]), and the strongest known result is 
due to Dubickas [95b], who proved 
— 3.8 (log log n)? 
|a| Siga/ 28 Moslosn) S 2 
log” n 
and in [97b] showed that for large n the constant 3.8 can be replaced by 4.6. 
Cf. Smyth [80], Flammang [96] for a search of totally real and totally positive 
integers of small Mahler’s measure. For numerical results see Boyd [80], [85]. 
It is clear that Mahler’s measure of an algebraic integer a depends only 
on the minimal polynomial of a, and therefore one can extend its definition 
to all polynomials P(X) = a,X"+---+ 49 with rational integral coefficients 
by putting 
n 
M(P) = |an| [| max{1, a3}, 
j=l 
where @1,...,Q@, are roots of P, taken with appropriate multiplicities. It is 


not difficult to see that Mahler’s measure can be also defined analytically by 
the formula 
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M(P) = exp ( [toe(\P(e*))at) 


and it has been established by Szegé [15] that if for a polynomial P we put 


1/2 


IP b= ( ff Pen ypat) 


M(P) = inf{|| PQ |l2}, 


where Q runs over all complex polynomials. with Q(0) = 1. For an extension 
to several variables see Ruzsa [99]. 

Limit points of the set {M(P): P € Z[X]} were studied in Boyd [81a]. 
Lower bounds for M(P) depending on the number of non-zero coefficients 
were established in Dobrowolski, Lawton, Schinzel (83] and Dobrowolski [91]. 

For other results concerning M(a) and |a| see Amara [79], Amoroso [95], 
[96], Boyd [86a,b], Boyd, Villegas [02], Brunotte [80], [82], Bugeaud [98], 
Bugeaud, Mignotte, Normandin [95], Dubickas [97a], [98], [O0b], [01], [02a,b], 
Dubickas, Konyagin [98], Dubickas, Smyth (01c]; Flammang [97], Glesser [89], 
Langevin [86], Lloyd-Smith [85a], Matveev [99], Notari [78], Panaitopol [00], 
Pathiaux [75], Rhin, Smyth [95], {97], Schinzel [73,addendum], Silverman [95], 
[96], Zheludevich [91]. 

In the case of polynomials in several variables one defines Mahler’s mea- 
sure in the following way: if P(z1,...,%,) is a non-zero polynomial with 
complex coefficients, then 


1 1 
M(P) = exp ( i ie 7 log IPC...) dt dy). 
0 0 


Actually, this is the original definition, given by Mahler [62] for his measure. 
An analogue of Kronecker’s theorem in this case were obtained in Boyd [81b] 
and Smyth [81a]. Boyd’s paper contains also lower bounds for M(P). There 
are unexpected relations between values of M(P) for polynomials in two 
variables and special values of holomorphic functions, occurring in number 
theory. E.g., one has 


then one has 


3V3 SG x(m) 


An m2 ’ 
m=1 


logM(1+X+Y)= 


where x(m) is the non-principal Dirichlet character mod 3, and 


logM(1l+X+Y+Z)= 6) 


(Smyth [81b]). 
For other examples, generalizations, numerical experiments, results and 
conjectures see Amoroso, David [99], Amoroso, Dvornicich [00], Amoroso, 
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Zannier [98], [00], Bertin [01], Boyd [98a,b], [99], [02], Deninger [97], Dubickas, 
Smyth [0la,b], Mossinghoff [98], Ray [87], Villegas [99]. 

Mahler’s measure turned out to be of importance also in other parts of 
mathematics (see Einsiedler [99], Everest [98], Everest, Ward [99], Lind [74], 
Lind, K.Schmidt, Ward [90], Maillot [00]). 

For various mean values of the conjugates of algebraic integers see Flam- 
mang [95], Smyth [84b]. _ 

Kronecker constant e(K) is defined as the largest lower bound for |a| — 1, 
where a ranges over all non-zero integers a € K, which are not roots of unity. 
Callahan, Newman, Sheingorn [77] proved that every field can be embedded 
ina field K with e(K) > 21/"—1, where n = [K : Q]. They quote the following 
question of Bateman: does e(K) = 1 hold for most fields K? It holds for all 
fields of prime degree and sufficiently large discriminant. Cf. Robinson [65]. 


5. Ifa, = a,..., Qn is a complete set of conjugates of a non-zero non-rational 
algebraic integer of degree n, then write d(a) = max,,; |a; — a;|, and put 
D(n) = infaega=n (a). Favard [29], [30] noted that d(a) > V1.5. This was 
improved in Lloyd-Smith [84] to d(a) > 1.5, in McAuley [81] to d(a) > 1.659 
(cf. Blanksby, Lloyd-Smith, McAuley [89]), and the final step was done by 
Langevin, Reyssat and Rhin [88], who proved the inequality d(a) > V3, 
which is best possible, the equality being realized by the third root of unity. 
Moreover one has limn-.o0 D(n) = 2 (Langevin [88a]), and the same is true if 
one considers conjugates over an imaginary quadratic field (Langevin [88c]; 
see also Langevin [88b]). If a lies in a C'M-field, then one has, except for 
certain exceptional a’s, d(a) > 2.7587... (Lloyd-Smith [85b]). If we put 
D*(n) = inf dega=n (a), then limy—+oo Dt(n) = 4 and Dt (5) > 3.18 (Zaimi 
[94]). The minimal value of |a;—a,;| was considered by Rump [79]. For similar 
questions see Blanksby [70], Dubickas [95a], Grandcolas [98a,b], Hunter [56]. 


6. A real algebraic integer is called a Pisot number or a PV-number if it ex- 
ceeds 1 and its remaining conjugates lie inside the unit disc. They were studied 
by Pisot [36] and Vijayaragavan [40], but for the first time they occurred in 
Thue [12] and Hardy [19]. These numbers have remarkable properties, e.g. 
they form a closed set (Salem [44]). An integer > 1 is called a Salem number 
if it is not a Pisot number, and its remaining conjugates lie in the closed unit 
disc (Salem [45]). Interesting relations occur between these classes of numbers 
and harmonic analysis. There is a large literature on this topic and the inter- 
ested reader should consult the books of Bertin, Decomps-Guilloux, Grandet- 
Hugot, Pathiaux-Delefosse, Schreiber [92], Bertin, Pathiaux-Delefosse [89], 
Meyer [70], Pisot [63], Salem [63]. 


7. The main notions and results of Sect.2, in particular the fundamental 
Theorem 2.10, are due to Dedekind [71]. This theorem was generalized in 
Stiemke [26], who proved that every additive group consisting of algebraic 
integers is free. Moreover (C.U.Jensen [64]), if L/K is an infinite algebraic 
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extension of an algebraic number field, then algebraic integers contained in 
L form a free Rx-module. For a simple proof see Kulkarni [67]. Various 
methods of finding integral bases were proposed in Albert [37], Berwick [27], 
Canals, Ortiz [70], Ore [25b], Petr [35], N.R.Wilson [27], [31], Zassenhaus 
[65]. Some of these methods could be used for finding Z-bases of ideals (see 
Eda [53], Mann, Yamamoto [67], McDuffee [31], Nagell [65], N.R.Wilson [29]). 
Bases of ideals satisfying certain inequalities were constructed by Mahler [64], 
who used them to deduce anew various fundamental results of the theory of 
algebraic numbers. Cf. Luthar [66]. 

For a generalization of Proposition 2.13 to arbitrary extensions see Fuchs 
[48]. 

If K/Q is a normal extension of prime power degree, then, as shown in 
de Smit [95], every integral basis of K contains a generator of K. This holds 
also for certain other classes of fields, but fails for dihedral fields of degree 
12. 


8. Several papers were concerned with discriminants and integral bases of 
particular classes of fields. 

(a) Cubic fields. Elementary treatments of arithmetics in cubic fields were 
given in Chatelet [46] for normal fields, and in Reichardt [33] in the general 
case (see also Nagell [30]). The non-normal case was treated from the point 
of view of class-field theory in Hasse [30b]. 

Algorithms and even explicit formulas for integral bases were given al- 
ready by Voronoi [96] (see Sommer [07], Delaunay, Faddeev [40]). Cf. also 
Albert [30b], Arai [81], Bergstrém [37], Mathews [93], Shapiro, Sparer [91], 
Spearman, Williams [98], Tornheim [55]. 

A list of cubic fields with small discriminants is given in H.Cohen [93]. 
Real cubic fields with d(k) < 500000 are listed in Ennola, Turunen [85]. 

Normal cubic fields are characterized by the fact that their discriminants 
are squares (see Corollary 2 to Proposition 6.9). Squares which are such 
discriminants were described in Hasse [48a] (see Girstmair [79] for a simple 
proof). Discriminants of non-normal cubic fields were described in Martinet, 
Payan [67] and Satgé [81] (cf. also Llorente, Nart [83]). 

Let A(d) be the number of non-isomorphic cubic fields with discrimi- 
nant d. This function, which, contrary to the quadratic case, is unbounded, 
was studied in Berwick [24], Hasse [30b], Martinet, Payan [67]. Asymptotics 
for the sum )7\4\<, A(d) was found in Davenport, Heilbronn [69]. For a nu- 
merical test of a more precise conjectural formula see Roberts [01]. Earlier 
H.Cohn [54] proved a similar result for cyclic cubic fields. Computations of 
cubic fields were done in Angell [76], Belabas [97], Fung, Williams [90]. For a 
generalization of the Davenport-Heilbronn result to arbitrary base fields see 
Datskovsky, Wright [88]. 


(b) Quartic fields. It is a simple exercise to show that a quartic normal 
field with Galois group isomorphic to Cz @ C2 has the form Q(,/a, Vb), where 
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a,b are rational integers whose product is not a square. Such fields are called 


biquadratic. The general form of a quartic cyclic field is Q (v a(d+ wi), 


with a,b,d € Z, with a odd and square-free, (a,d) = 1, b 4 0, d square-free 
and such that d — 6? is a non-zero square (see Hardy, Hudson, Richman, 
Williams, Holtz [86]; for other forms cf. Edgar, Peterson [80], Nagell [62], 
Tang [91], Zhang X. [84d]). 

Tables of quartic fields with small discriminants were given in Godwin 
[56], [57a,b], Kwon [84] and Pohst [75a]. In Buchmann, Ford [89], Ford [89] 
and Buchmann, Ford, Pohst [93] all quartic fields K with |d(K)| < 10° were 
enumerated. 

Discriminants and integral bases of quartic fields were given in Grebenyuk 
[58], Albert [30a] in case of normal extensions (note, however, that some of his 
results are incorrect, as pointed out by Zhang X. [84a]), Hudson, Williams [90] 
for cyclic fields, Amberg [97], Litver [55] and K.S. Williams [70] for biquadratic 
fields, Huard, Spearman, Williams [95] for fields containing a quadratic sub- 
field (for an earlier partial result see Ledermann, van der Ploeg [85]), Fu- 
nakura [84] for pure quartics. 

Asymptotics for the number of integers which are discriminants of normal 
quartic fields was found in Spearman, Williams [01a], and asymptotics for the 
number M(x) of quartic fields K with |d(K)| < 2, whose Galois closure has 
a given Galois group was considered by Baily [80], who proved 


a< M(a2) « 29/? log* z. 


(c) Quintic fields. Tables of cyclic quintic fields with small discriminant 
were given in A.Schwarz, Pohst, Diaz y Diaz [94]. 

Cyclic quintic fields were studied in Payan [62a,b]. A formula for the 
discriminant of a quintic field defined by a trinomial X° + aX + b whose 
Galois group is dihedral was given in Spearman, Williams [02a]. 


(d) Seztic fields. Integral bases for sextic fields with Galois group C? 
were given in Parry [90]. Sextic fields of small discriminant were tabulated in 
a series of papers of Olivier [89], [91a,b]. For fields with a quadratic subfield 
this was made in Bergé, Martinet, Olivier [90]. A theory of normal nonabelian 
sextic fields was developed in Martinet, Payan [67], [68]. 


(e) Other classes of fields. Arithmetic in arbitrary abelian extensions K/Q 
was described by Leopoldt [59], [62], who gave, in particular, explicit integral 
bases in terms of Gaussian sums. For the case of cyclic extensions of odd 
prime degree see Payan [65], and of prime power degree see Oriat [72]. 

Discriminants and integral bases for pure fields Q( %/a) (a € Z) were for 
square-free m found in Berwick [27], and in the case (a,m) = 1 in Okutsu 
[82]. The case of prime m was settled earlier by Landsberg [97]. Composites of 
quadratic fields were treated in Schmal [89]. Discriminants of solvable fields 
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of prime degree were found in F.K.Schmidt [29], Wegner [32a] and Hasse [37], 
and integral bases for them gave Komatsu [76b]. 

All sextic and septic fields with discriminants of the form +2%3° were 
found in Jones, Roberts [99], [03]. Septic fields with discriminant +7° were 
determined in Bruegeman [01], who also proved that there are no such fields 
with discriminant +p* with p = 2, 3,5. 

For various special types of fields see Foster [70], Komatsu [75], [76a], 
Llorente, Nart, Vila [84], Watanabe [92]. 

Tables for fields of degree 10 having a quintic subfield with either r; = 1 
or r; = 5 were computed in Selmane [01a,b]. 

Tables of totally complex fields of degree < 80 having small discriminants 
were prepared by H.Cohen, Diaz y Diaz, Olivier [98b]. 

If N(n, xz) denotes the number of non-isomorphic fields of degree n with 
|\d(K)| <a, then one has N(n,2) « x("+?)/4 (W.M.Schmidt [95]). 


9. Theorem 2.14 is due to L.Stickelberger [97], and the presented proof was 
found by Schur [29b]. 

Using the theory of the different (see Chap. 4) one can obtain more infor- 
mation about discriminants. On this topic see Bauer [19a], Hensel [97a], Ore 
[25b], [26c,d], Schur [32]. We quote one of results of Ore [26c]: ifn = yy bjp? 
with 0 < b; < p, and A denotes the number of non-zero b;’s, then the ma- 
ximal power of p dividing the discriminant of a field of degree n cannot 
exceed N(n, p) = pean (j + 1)b;p’ — A, and this bound is attained. Integers 
k € [0, N(n,p)] for which there exists a field K of degree n with p* || d(K) 
were determined in W.R.Thompson [31]. 


10. Power bases. Proposition 2.21 is due to Hensel [94b]. Gyéry [73,IT]] 
proved that if F is an index form, then the equation F' = a has for non- 
zero a € Z only finitely many solutions, and gave a bound for them. This 
bound was later improved in Bérczes [00]. For surveys of results concerning 
index form equations see Evertse, Gyéry [88b], Gyéry [00]. For certain classes 
of fields relevant algorithms were given in Gaal [95], Gaal, Gydéry [99], Gaal, 
Pohst [96], Jardsi [02]. 

Primes dividing values of the index form were studied in Gyéry, Papp 
[77] and Trelina [77b]. 

It follows from a theorem of Uchida [77b] that Rx = Z[a] holds if and 
only if a generates K, and its minimal polynomial over Z is not contained in 
the square of a maximal ideal of Z[X] (cf. Albu [79]). 

It is clear that a field K has a power basis if and only if there exists a 
monic irreducible polynomial over Z, whose discriminant equals d(K), and 
which has a root 0 with Q(@) = K. The question of the existence of a non- 
monic polynomial with there properties was considered in Simon [01]. 

Algorithms for determining all power bases in fields of degree < 6, and 
in some classes of octic and nonic fields (in the case when they exist) were 
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given in the book of Gaal [02], where also references to previous research can 
be found. 

Cyclic cubic monogenic fields were described in Archinard [74], M.N.Gras 
[74] and Payan [73]. There are only two complex cyclic monogenic quartic 
fields (M.N.Gras [81]), but there are infinitely many such biquadratic fields 
(Nakahara [83]) (a criterion in this case was given in M.N.Gras, Tanoé [95]; 
cf. Nyul [01]), as well as pure quartic fields (Funakura [84]). For cyclic quar- 
tic fields see also Nakahara [93]. A criterion in case of quartic fields whose 
Galois closure is dihedral appeared in Kable [99], and was applied in Gaal, 
Nyul [01]. A method for finding all power integral bases in a quartic field 
gave Koppenhdfer [95]. For cyclic sextics see Shah [00]. Necessary conditions 
for monogenity for certain classes of sextic fields were given in Chang [02] 
and Thérond [95], [99]. For sufficient conditions in the case of sextic fields 
with a cubic subfield see Jardsi [03]. A necessary and sufficient condition for 
monogenity of a cyclic field of prime degree appears in Payan [73], where also 
cyclic extensions of imaginary quadratic fields were considered (cf. Cougnard 
[88}). 

There are only finitely many monogenic Abelian fields of a fixed degree 
prime to 6 (M.N.Gras [84]), and they can be determined. It has been shown 
in Liang [76] that maximal real subfields of cyclotomic fields are monogenic. 
The only monogenic cyclic fields of a prime degree p > 5 are the maximal real 
subfields of Q(¢q), where q = 2p+1 is a prime (M.N.Gras [86a]), and a similar 
result holds for cyclic p-extensions of Q (M.N.Gras [86b]). For dihedral and 
imaginary cyclic extensions of degree 2p see Cougnard [87a,b] 

If K is monogenic and Rx = Zia], then for m € Z one has also Ry = 
Z{a +m]. The resulting power bases are called equivalent. Nagell [68b] asked, 
whether integers of a given degree with a given discriminant form a finite 
number of classes, two integers lying in the same class if and only if they differ 
by a rational integer (a similar idea appears already in a letter of Hermite 
[57] to Borchardt). He confirmed it for degrees < 4, and the general case was 
settled by Gyéry [73] in an effective way. This follows also from a result of 
Birch, Merriman [72], which, however, was not effective. This implies that 
in a given field there can be only finitely many pairwise inequivalent power 
bases. Cf. Gyéry [79a], [80a,b], [81a,b], [83], [84], Gyéry, Papp [77], Trelina 
[77a,b]. 

It has been conjectured by Bremner [88] that in the p-th cyclotomic field 
there are only two inequivalent power bases. This holds for all p < 23 (Brem- 
ner [88], Robertson [98], Wildanger [00]). All power bases in Q(¢2m) were 
described in Robertson [01]. 

For certain other classes of fields see Dummit, Kisilevsky [77], Gaal, Ola- 
jos, Pohst [01], Ichimura. [00a,b], [01a], Ichimura, Sumida [00], Motoda, Naka- 
hara, Shah [02], Nyul [02], Shah, Nakahara [02], Spearman, Williams [01b]. 

Power bases in composita of fields were considered in Gaal [98]. 


2.4. Notes to Chapter 2 81 


For power bases in ray class-fields of imaginary quadratic fields see Sect. 
4.4. 

Monogenity of a field is closely connected with the notion of canonical 
number systems. If R is a domain, c € R, and A C Z is finite, then the 
pair (c, A) is called a canonical number system, if every element a of R can 
be written in the form a = )7a;c/ (a; € A) in a unique way. It has been 
shown in Kovacs, Pethé [91] that the only domains which can have canonical 
systems are Z[a] (with algebraic a) and F,[X], This paper contains also a 
method of finding all such systems. Cf. Indlekofer, Katai, Racské [92], Katai 
[94], Katai,, Kérnyei [92], Kovacs [81], Kovacs, Pethé [92], Scheicher [97]. It 
follows that K is monogenic if and only if Rx has a canonical number system. 

The minimal number of generators of Rx (as a ring) was determined by 
Pleasants [74]. 


11. It follows from a result of Lewin [67] that Rx can have only finitely many 
subrings of a given index (cf. Nagell [32], [65]). Such subrings containing 1 
are called orders of K, and Rx is called sometimes the maximal order of K. 
For their theory see e.g. Dedekind [78], Grell [27], [36b], Krull [28c], Nagell 
[32]. A classification of subrings of Rx spanning K as a vector space was 
given in Beaumont, Pierce [61] (cf. Krull [28a], Skolem [23]). 


12. Discriminant evaluations. Theorem 2.22 was proved by Minkowski [91b]. 
Its Corollary 2 was stated without proof by Kronecker [82], and proved in 
Minkowski [91a]. Other proofs of that corollary can be found in Calloway [55], 
Landau [22], Mordell {22b], [31], Miintz [23], Odlyzko [76], Schur [18a], Weber, 
Wellstein [13]. For special cases see Lubelski [39a], Siegel [22a]. Theorem 2.24 
is due to Hermite [57]. 

One sees easily that M(2,0) = 5 and M(0,1) = 3. For cubic fields we 
have M(1,1) = 23 and M(3,0) = 49, realized by K = Q(a) with a¥ =1+a 
and a® = —a? + 2a +1, respectively (see e.g. Cassels [59b]). 

Moreover M(0,2) = 117, M(2,1) = 275, M(4,0) = 725 (Mayer [29]), 
M(1,2) = 1609, M(3,1) = 4511, M(5,0) = 14641 (Hunter [57]), M(0,3) = 
9747 (Liang, Zassenhaus [77]), M(2,2) = 28037, M(4,1) = 92779 (Pohst 
[82]), (6,0) = 300125 (Pohst [75b]), M(7,0) = 20134393 (Pohst [76]), 
M(5,1) = 2306559 (Diaz y Diaz (88]), (3, 2) = 612233 (Diaz y Diaz [84]), 
M(1,3) = 184607 (Diaz y Diaz [83]), M(8,0) = 282300416 (Pohst, Mar- 
tinet, Diaz y Diaz [90]), (0,4) = 1257728 (Diaz y Diaz [87]), M(9,0) = 
9685 993193 (K.Takeuchi [99]; earlier Letard [95] obtained this assuming 
GRH). 

Minimal discriminants of various classes of sextic fields were given in Ford 
[96], Ford, Pohst [92], [93], Ford, Pohst, Daberkow, Haddad [98]. Minimal 
discriminants of octic fields containing a quartic subfield (for all signatures 
and Galois groups) were found in H.Cohen, Diaz y Diaz, Olivier [99]. For some 
other classes of octic fields this was done in Selmane [99]. The minimum of 
|d(K)| for cyclic K of prime degree p equals g?~!, with q being the smallest 
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prime = 1 mod p if q < p’, and equals p?(?-)) otherwise (Kostra [89]). 
Minimal discriminants for normal fields with quaternion groups of order 8, 
12 and 20 were found by Kwon [96]. The first five minimal discriminants of 
nonic fields having a cubic subfield were found in Fujita [93] (cf. Diaz y Diaz, 
Olivier [95]). 

If n = 2r1 +72, then for large n one has 


M(ri, r2) > c(60.1)" (22.2)"2 


(with c = exp(—254)), as shown by Odlyzko [75], [76], [77], and under GRH 
one can even have 


M(r1,r2) > e1(188.3)"! (41.6) 
with c, = exp(—3.7 - 108) (Odlyzko [76], [77]). Later Poitou [76] got 
D = liminf M(ri,12)'/" > 22.3, 


and D > 44.7 under GRH (cf. Martinet [82].) For early surveys of this topic 
see Martinet [85], Odlyzko [90], Poitou [77]. 

It has been conjectured for a long time that D = oo, however already 
Siegel [45a] mentioned that this may be false, and later Golod and Shafarevich 
[64] proved D < 4404.5. This was later improved to D < 347 (Brumer [65]), 
D < 92.369 (Martinet [78]), and D < 82,2 (Hajir, Maire [01,II]). See also 
Martinet [79b], [82]. 

Lower bounds for discriminants of metabelian fields obtained Ankeny [51]. 


EXERCISES 


1. Prove that if an algebraic integer a is totally real and totally positive, and 
f(X) = X"+ aa a;X? is its minimal polynomial over Z, then one has (—1)"ax > 
0 fork =0,1,...,n—1. 

2. Put €(K) = inf{la]-1: a€ Rx,a #0, a not a root of unity}. 

(i) Determine e(K) for quadratic fields. 

(ii) (Callahan, Newman, Sheingorn [77]) Prove that if K/Q is normal and the 
complex conjugation lies in the centre of Gal(K/Q), then e(K) > /2—1. 

3. (Blanksby, Loxton [78]) Prove that a non-real field K is closed under complex 


conjugation if and only if K is generated by an element of absolute value 1. (Hint: 
look at elements of the form (a+7r)(@+1r), where a generates K andr € Q). 


4. (Smyth [73]) Prove that if a is a Pisot number, and two of its distinct con- 
jugates, say a; and a; have the same absolute value, then a; = @;. 

5. Prove that every real field can be generated by a Pisot number, and show 
that this does not hold for Salem numbers. 


6. (i) Prove that a ring R C Rx is an order of K if and only if it contains 
[K : Q] elements linearly independent over Q and 1 € R. 
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(ii) Let d be a square-free rational integer. Prove that every order in the field 
Q(Vd) has the form On = {a+bNw: a,b € Z} for some N > 1, with w = 
(1+ Vd)/2 in the case d = 1(mod 4) and w = Vd otherwise. 

7. (i) Prove that if K = Q(a) is normal of degree n, then d(K) is a square if 
and only if the Galois group of K/Q, treated as a permutation group of conjugates 
of a, is contained in the alternating group An. 


(ii) Prove that if K/Q is normal of odd degree, then d(K) is a square, and for 
cubic extensions the converse holds. 

7. Determine the discriminant and find an integral basis for the field Q(i, \/m), 
where m # +1 is a square-free rational integer. 

8. Find the discriminant and an integral basis for the maximal real subfield of 
Q(¢p), where p # 2 is a prime. 

9. Let L/K be of degree n. 

(i) Show that Rz can be generated, as an Rx-module by at most 1+7 elements. 


(ii) Prove that Ry has a set of n generators as a Rx-module if and only if it is 
a free Rx-module. 


3. Units and Ideal Classes 


3.1. Valuations of Algebraic Number Fields 


1. Consider an algebraic number field kK. We know already from Corollary 
to Theorem 1.20 that its ring of integers is a Dedekind domain with the finite 
norm property. This allows us to construct discrete valuations of K using the 
exponents associated to prime ideals of Rx. In this section we shall examine 
all valuations of AK, including the Archimedean, and we shall establish that 
every Archimedean valuation of K is generated by an embedding of K in C, 
whereas every other non-trivial valuation is discrete and induced by a prime 
ideal of Rx. 

The reader should be warned that a similar result is not necessarily true 
for other fields. Indeed, consider the field C(X) of rational functions in one 
complex variable. We shall show that it contains no Dedekind domain, whose 
prime ideals induce all discrete valuations, The formula v(P/Q) = deg Q — 
deg P, where P,Q are relatively prime polynomials, defines an exponent in 
C(X). Moreover for any z € C we have an exponent n, defined by 


rif P(X) =(X —2z)"P,(X), Py(z) £0, 
nz(P/Q)=4 —r if Q(X) = (X — z)"Q1(X), Qi(z) £0, 
0 if P(z)Q(z) £0. 


- Assume now that R is a Dedekind domain, having C(X) for its quotient 
field, and whose prime ideals induce v and n, for all z € C. Proposition 
1.27 (v) implies that R is contained in the intersection of the corresponding 
exponent rings, but this intersection equals C, and so C(X) cannot be the 
quotient field of R, contrary to our assumption. 

To begin with, we shall develop a little further the theory of valuations of 
arbitrary fields. Let K be a field with valuation v. This valuation induces in 
K the structure of a metric space which may or may not be complete. It is an 
elementary result in topology that every metric space can be embedded as a 
dense subset in a complete metric space, and this can be done in an essentially 
unique way. It turns out that if we do this for K, then the resulting complete 
metric space may be given a field structure. This is the essence of the following 
theorem. 
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Theorem 3.1. Let K be a field with a valuation v. Then there exists a field 
L with a valuation w, having the following properties: 

(i) L is complete in the topology induced by w, 

(ii) K is a dense subset of L, and on K the valuations v and w coincide. 

Moreover, L is unique up to valuation preserving topological isomorphism, 
equal to the identity on K. 


Proof : Let (X,d) be a complete metric space containing K as a dense subset, 
on which the metric d coincides with that induced by v, i.e., for a,b € K we 
have d(a,b) = v(a — b). In particular d(a,0) = v(a). We shall give X a field 
structure. For z,y € X we have x = limg,n, y = limy, with rn,yn € K. 
Observe that v(z,) tends to d(x,0), and vu(y,) tends to d(y,0), thus, for 
some B, we have vu(t,,),U(Yn) < B. Moreover 


Gar + Yn; Lm + ne) = Ul By + Yn — Lm — Ym) 
< v(Ln — Lm) + V(Yn — Ym) 
re d(Xn, Lm) oP d(Yn, Yea) (3.1) 


and 


A(LnYn;LmYm) = V(LnYn — LmYm) 
= U(LnYn + LnYm — LnYm — LmYm) 
S (Xn)V(Yn — Ym) + UYm)v(En — Fm) 
= U(2n)d(Yn, Ym) + V(Ym)d(en, Lm). (3.2) 


If we now choose m and n so large as to satisfy d(an,%m) < € and d(yn, Ym) < 
€, then (3.1) and (3.2) imply 


A(x, + Yn; lm + Ym) < 2e, WP tie Peter) < 2Be, 


hence the sequences 27 +Yn, LnYn are both fundamental, and thus have limits 
in X, say w and z, respectively. Define x + y = w and xy = z. We have to 
show that the elements w,z do not depend on the choice of the auxiliary 
sequences Z, and yp, but this is easy. In fact, if, say, zi, > x, yi, > y and 
x +y/, tends to w’, then 


d(w,w’) =limd(an + yn, 2}, + y},) = limv(an + yn — 2, — yf.) 
<limsup(v(2), — tn) + v(yn — y},)) 
=limsup(d(rn, 2),) + d(yn, y},)) = 9, 


and so w = w’. A similar argument is applicable to z. 

It is obvious that X with the just introduced addition and multiplication 
is a ring. To prove that it is a field let « be a non-zero element of X, let 
z=limz, with x, € K, and put A = lima, If A = 0, then x, — 0, whence 
xz = 0, contrary to our assumption. Thus A # 0, hence with a constant C' > 0 
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we have v(z,) > C for sufficiently large n. If now m,n are sufficiently large, 
then 


~ U(atn)v(tm) — C2 ; 
showing that the sequence x; ' is fundamental. Denoting its limit by y we 
find zy = limz,z;,1 = 1, and so z has an inverse. 

If for x € X w put w(x) = d(z,0), then for every sequence x, of elements 
of K for which lim z, = x we have lim v(z,) = w(x). The function w coincides 
with v on K, and via the passage to the limit we obtain that w is a valuation 
of X. It remains to show the uniqueness of the field X, so obtained, but this 
is immediate by the corresponding result for completion of metric spaces, 
because the topological isomorphism transfers also the algebraic structure in 
view of the continuity of algebraic operations and the density of Kin X. O 


v(ar? 7 27) U(fn—-Lm) — V(fn — Lm) 


From the proof of the theorem we derive now some simple, but useful 
corollaries. In all of them K is a field with valuation v, L is its completion 
and w is the valuation of L, prolonging v. Moreover put 


Ry ={eweL: w(x) <1}, R={rek: v(x) <1} 


and 
PoeHtee Leia) c 1h. 2) See ke ve) 1} 


Corollary 1. Assume that the valuation v is discrete and non-trivial. Then 
w is also discrete, the ring Ry is the closure of Ry, and the prime ideal Py 
is the closure of Py. 


Proof : If x € L and x, ~ x with z, € K, then limv(z,) = w(x), whence 
either w(x) = 0, in which case x = 0, or v(x») is constant for sufficiently 
large n. This shows v(K) = w(L) and all assertions of the corollary follow 
immediately. O 


Corollary 2. If v is discrete and the quotient R,/P, is finite, then the map 
R,/Py — Rw/ Pw, induced by the embedding K —> L is an isomorphism. 


Proof : Since P, C Py, this map is an embedding, and the preceding corollary 
shows that its image is dense in R,,/P,, but it is finite and so has to coincide 
with Ry / Pw. O 


Corollary 3. [fv is Archimedean, so is w. 


Proof : This follows from Proposition 1.25, since the fields K and L have the 
same prime field. O 
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We shall need a proposition describing topologies in finite-dimensional 
linear spaces over a complete field K, which are consistent with the topology 
of K: 


Proposition 3.2. Let K be a complete field with valuation v, and let E be 
a finite-dimensional linear space over K. If E has a norm topology in which 
addition and multiplication by scalars from K are continuous, and, moreover, 
it is consistent with the topology of K, i.e., induces the topology of K on one- 
dimensional subspaces {ax : a € K} (with fixed non-zero x € E), then this 
topology coincides with the product topology. This means that the mapping 


ye eee oe So 24; (x; € K), 


j=1 


with the a;’s forming a K-basis of E, is a topological isomorphism between 
K” and E. 


Proof : As f is a continuous isomorphism, it remains to prove the following 
statement: 


If || x ||» denotes the norm on E, then for a suitable C > 0 we have 
v(ai) < C || 5) 234; |lv 
j=l 


forz;¢ K. 


For r = 0,1,...,n denote by E, the subset of E consisting of all x for 
which in s = }"_,2ja; at most r of the x;’s are non-zero. We prove our 
statement for z € E, by induction in r. The case x € E being covered by the 
assumption, assume that our statement is true for all elements of E,_1 with 
the coefficient C, in place of C. If our assertion would fail for z € E,, then 
there would exist a an r-tuple of indices 71,...,%, and a sequence ci) £0 
with 

a™ — a a,, ae aa, 
such that the quotient || 2”) ||, /v(a) tends to zero. For 
y™ = al™) Ja) = a, + ye” aig Sheet at ate y” ai, 
we have || y™)||,—> 0, and so y’™ tends to 0. But this leads to a contradic- 
tion. In fact, the differences y(™ — y(”) all lie in E,,_1, and by the inductive 
assumption we get 
vy — yf) < Cy | yo —y™ || 0 


4g 


for 7 = 2,...,r. Thus the sequences ue are fundamental for 7 = 2,...,7r. 
(™) _ 2,. But then 


Due to the completeness of K they have limits, say lim Vi, 
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lim y(™) = aj, + zeaiy + +++ + zpa;, £0, 


contradiction. O 


2. Now we prove a theorem of Ostrowski, describing all valuations of algebraic 
number fields: 


Theorem 3.3. Let K be an algebraic number field of degree n over the ra- 
tionals, and let v be a non-trivial valuation of K. Then v is either discrete or 
Archimedean. If v is discrete, then there is a prime ideal p of Rx such that 
for a certain 0 <a <1 we have v(x) = a”), where v is the exponent of p. 
If v is Archimedean, then it is equivalent to |F(x)|, with F being an embed- 
ding of kK in C. Conversely, every prime ideal of Rx defines in this way a 
valuation of kK, and every embedding K —> C defines an Archimedean val- 
uation. Valuations defined by different prime ideals are non-equivalent, and 
two valuations defined by different embeddings of K into C are equivalent if 
and only if these embeddings are complex conjugated. 


Proof : Were v non-Archimedean and non-discrete, then the group v(K™*) 
would be dense in the positive half-line. Let L be the completion of K with 
respect to v, and let w be its valuation. Now let y € K™* and let 6 cjXI € 
Q[X] be the minimal polynomial of y over Q. We have 


0 = w(0) = (D> ey’), 
j=0 


and since w is non-Archimedean there must be non-zero terms cjy’, cjy? with 
i # Jj, such that w(cy’) = w(cjy’). Then 


w(y)~* = w(a/e;) = v(ci/c;) 


lies in a discrete set, and in view of |: — j| < [Kk : Q| the same applies 
to w(y). As y € K* was arbitrary this shows that v(AK*) cannot be dense, 
contradiction. 

Now let v be discrete. With a suitable exponent v and 0 < a < 1 we have 
v(x) = a”) for all non-zero x € K. Denote by y the restriction of v to Q, 
and observe that ys does not vanish identically. In fact, if it were so, then we 
would have 

QcR,={xEK: v(x) >}, 


and since by Theorem 1.26 the ring R, is Dedekind, thus integrally closed in 
kK, it would contain the integral closure of Q in K, i.e. the field K, which is 
possible only in the case of trivial v, which we excluded. Thus yp # 0 and if e 
denotes the minimal positive value attained by y, then (x) /e is an exponent 
of Q, which, by Theorem 1.31, is induced by a rational prime p. Hence for 
x € Z we have v(x) = w(x) > 0, thus ZC R,. As R, is integrally closed, and 
Rx is the integral closure of Z in K, we get Rx C Ry. 
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Consider now 
p={r@e Rx: v(x) > 0} =POR«. 


Obviously p is a prime ideal of Rx and we shall show that it induces v. 
Denote by 7 the exponent induced by p, and choose x with (x) = 0. We 
may write eRe = II, Ih, Iz being ideals of Rx with (I,I2,p) = 1. Choose 
a € Ip\p. Then az € I, \p. Thus v(a) = v(ax) = 0 and v(x) = 0 follows. 
Therefore (x) = 0 implies v(x) = 0. Now fix 7 € p \ p? and let z € Rx be 
arbitrary. If y(x) = c, then write am~° = y. Since y(y) = v(y) = 0, we get 
v(x) = y(x)v(r). There exists xo € K with v(xo) = 1, thus 1 = 7(x0)v (7), 
proving v(7) = 1, and the equality v = y becomes obvious. The remaining 
assertions concerning discrete v are contained in remarks preceding Theorem 
1.26. 

Now let v be Archimedean. Its restriction to Q is also Archimedean, hence 
by Theorem 1.31 and Proposition 1.23 we have u(x) = |x|* for all z € Q with 
a suitable a. 

Let L be the completion of K and w let be the extension of v to L. The field 
LE contains the closure of Q, which is obviously topologically isomorphic to R 
with the usual topology, and which we shall identify with R. We shall show 
that LD, as a linear R-space, is finite-dimensional. Choose a Q-basis w,..., Wn 
of the linear space K, and let x be an arbitrary element of L. With suitable 
rational al™) we have z = limm )op_-1 a we. Without restricting generality 
we may assume that the elements w),...,w, are linearly independent over R, 
whereas for j = 1,2,...,n—r we have 


r 
Wij = ys Muy, 
k=1 
with real Av ) Thus we may write 


x =lim x un, (3.3) 
k=1 


with real of), 

Denote by M the R-subspace of LZ spanned by w4,...,w,. As it is finite- 
dimensional, and w serves as a norm satisfying the assumptions of Proposition 
3.2, we may apply it to infer that M is closed. But (3.3) shows that M is 
dense in L, whence M = L, and we see that LD has finite dimension over 
R. But L is a field, and therefore we have either L = R, or L = C (with 
the product topology). Therefore w induces the usual topology on L in both 
cases. If L = R this gives the equality w(x) = |x|* at once, whereas in the 
second we need some more reasoning. In this case w is continuous in the usual 
topology and w(ry) = w(x)w(y). For « = rexp(it) with r = |x| we obtain 


w(x) = w(r)w(exp(it)) = r°w(exp(it)). 
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But for t = 2xp/q with p,q € Z, q > 0, we obtain w(exp(it))? = 1, and since 
such numbers exp(it) are dense on the circle |z| = 1, we get w(exp(it)) = 1 
for all t, and we obtain w(x) = r* = |z|*. In our proof we identified K with 
its image in the complex field. However, if we treat K in an abstract manner, 
and denote by F;(K) (4 = 1,2,...,n) its embeddings in C, then we obtain 
w(x) = |F,(a)|* for a certain 7. 

It remains to show that if two embeddings of K in C define the same 
valuation, then they are conjugate. This is done in the next lemma: 


Lemma 3.4. Let K be a field, and let fy, fo be embeddings of K in C such 
that for all x we have |fi(x)| = |fa(x)|. Then either fi = fo or fi = fo. 


Proof : Let a € K and put b; = f;(a) (¢ = 1,2). Then 
140, +b, +01b; = |14+01|? = |fi(1 +a)|? = | fo(1 +.a)|? = 1+ 94 bo + boda, 


but bib, = \fi(a)|? — | fo(a)|? = bobo, and we get 2Re by = by +b, = bo +b — 
2Re bz. Finally we see that either bo = b; or bg = b;. Now let 


Ki={aek: fifa)=fola)}, Ke={aek: fila) = fola)}. 
Obviously K,, K2 are subfields of K and K = K,U Ko. If the K;,’s are proper 
subfields of kK’, and we choose a; € Ky \ Ke and ag € Ke \ Kj, then a; + a2 
belongs neither to Ky, nor to Ko, but lies in K, contradiction. Thus either 
K= ky or K = Kg. O 


The last assertion of the theorem follows now immediately. O 


Corollary. Let K be an algebraic number field. If for a non-Archimedean 
valuation v we put Ry = {ae K: v(a) <1}, then 


Rx =()\Ro, 


the intersection taken over all non-Archimedean valuations of K. 


Proof : Follows from the theorem and Proposition 1.27 (v). 


If v is an Archimedean valuation of an algebraic number field, then for 
simplicity we shall say that v is real or complex, if v corresponds to a real, 
respectively complex, embedding of K. 


3. We conclude this section with the proof of a very important although 
simple product formula for valuations of algebraic number fields. To begin 
with we define the normalized valuations of K. If v is a discrete valuation 
of K, then the preceding theorem shows that v(x) = a”*), where v is the 
exponent induced by a prime ideal p of Rx. By the Corollary to Theorem 


92 3. Units and Ideal Classes 


1.20 the cardinality N(p) of the factor ring R/p is finite. We shall say that 
v is normalized, if a = N(p)~'. In the case of an Archimedean valuation 
we consider the corresponding embedding F' : K —> C. A real valuation v 
is normalized, if v(x) = |F(x)|, but if v is complex, then things get more 
complicated. We adopt the convenient convention of calling every power of a 
valuation also a valuation, even if it does not satisfy the triangle inequality. 
This convention allows us to define the normalized valuation corresponding 
to a non-real embedding F as |F(zx)|?. 
Now we may state the product formula: 


Theorem 3.5. Let V be the set of all normalized valuations of an algebraic 
number field K. Then for every nonzero a € K we have 


Il v(a) = 1. 


vEV 


Proof : Let aRx = [[p” ?) be the factorization of the fractional ideal ge- 
nerated by a into prime ideals. Since only finitely many exponents n(p) are 
non-zero, we see that only finitely many terms in our product are # 1. If 
Up denotes the normalized valuation associated with the prime ideal p, then 
Up(a) = N(p)—”), thus the product [] v(a) extended over all discrete valu- 
ations equals N(aRx)~'. On the other hand, this product extended over all 
Archimedean valuations equals |Nx/g(a)|, and the Corollary to Proposition 
2.13 can now be used to complete the proof. O 


3.2. Ideal Classes 


1. Since the ring Rx is a Dedekind domain, we may consider the group of its 
ideal classes, as defined in Chap. 1. Recall that this group consists of isomor- 
phism classes of ideals of Rx, considered as Rx-modules, with multiplication 
induced by the usual ideal multiplication. The fact that this multiplication 
induces a group structure was established in Proposition 1.43. It is custom- 
ary to denote the resulting group by H(K) and call it the class-group of K. 
The case m = n = 1 of Theorem 1.39 shows that H(K) is isomorphic to the 
quotient group G(K)/P(K), where G(K) is the group of all fractional ideals 
of K, and P(K) is its subgroup consisting of principal fractional ideals. One 
of the principal aims of this section is to prove that H(K) is finite. Actu- 
ally we shall consider also some generalizations of the class group, and prove 
finiteness for this more general family of groups. 

Denote by D(K) the product of the group G(K) and the signature group 
Sgn(K), as defined in Chap. 2. Denote by p1,.0,---,Pr,,o0 the generators of 
Sgn(K), and consider the homomorphism f of the multiplicative group K* 
of K into D(K), defined by 
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f(a) = fis wes Prrico IIe: 
p 


where « € {0,1} are defined by sgn F(a) = (—1)*, and ]], pe’) is the 
factorization into prime ideals of the ideal aRx. 

The group D(K) is called the divisor group of K, the elements );,.. are 
called the real infinite prime divisors, and the elements of the subgroup of 
D(K), generated by prime ideals are called the finite divisors. The image 
f(K*) is the group of principal divisors, and its projection on G(K), which 
is clearly isomorphic with P(K), is the group of finite principal divisors. 
Finally, the intersection f(K*)MG(K) is called the group of positive principal 
divisors and is denoted by P;(K). 

The quotient group G(K)/P(K) equals H(K), but the quotient group 
G(K)/P,(K) is generally larger. It is called the narrow class group and is 
denoted by H*(K). Both are of utmost importance in the study of multi- 
plicative properties of Rx. 

The classical definition of those groups (equivalent to the given above) 
runs as follows: two ideals I,J of Rx are called equivalent if for some non- 
zero a,b € Re we have al = bJ. The ideals I, J are equivalent in the narrow 
sense, if this equality holds with some totally positive a,b € Rx. The set 
of all equivalence classes in the first sense, with multiplication induced by 
multiplication of ideals forms H(K), whereas the second kind of equivalence 
leads to H*(K). The proof of the equivalence of the two definitions follows 
easily from Proposition 1.43. 

Now we make another generalization. Let I be any non-zero ideal of 
Rx, and consider the group A; of all elements x € K* which are rep- 
resentable in the form 2 = ab~! with a,b € Rx, a = b(mod J), and 
(abRx,I) = 1. Moreover, let G;(K) be the group of all fractional ideals 
of K which are quotients of two ideals prime to I, and let P;(H) be the sub- 
group of G(K) consisting of principal fractional ideals generated by elements 
of Ay. We consider G;(K) as a subgroup of D(K) through the embeddings 
G7(K) C G(K) Cc D(K). Finally, denote by P;*(K) the subgroup of P;(K), 
consisting of fractional ideals having totally positive generators. The quotient 
group H;(K) = G;(K)/Pr(K) is called the group of ray classes mod I, and 
H7(K) = Gr(K)/Pr(K)* is called the group of narrow ray classes mod I. 
Note that for I = Rx we obtain H;(K) = H(K) and H7(K) = H*(K). One 
may also give an equivalent definition, considering two ideals A, B, prime 
to I, as equivalent mod J, if with suitable a,b € Rx congruent to 1 mod J 
we have aA = bB, and the narrow equivalence is defined analogously with 
the additional requirement for a,b to be totally positive. In future, speaking 
about ideal classes mod I, we shall always have the last interpretation in 
mind. 
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2. Now we are going to prove the finiteness of all groups introduced in the 
preceding subsection. To begin with, we show that it is enough to prove this 
result for the group H(K). 


Lemma 3.6. Let I be a non-zero ideal of Rx. The homomorphism w : 
Hy(K) —> H(K) induced by the embedding G;7(K) C G(K) has a finite 
kernel, and so if H(K) is finite, then H}(K) is finite as well. 


Proof : The kernel of ~ consists of all classes mod J in the narrow sense 
which contain a principal ideal, and so equals the quotient of the group 
of all principal fractional ideals prime to I by the group of all ideals gen- 
erated by a totally positive element of the form a/b with a,b € Rx and 
a = b = 1(mod J). Every coset of this quotient group contains a principal 
ideal generated by an integer. Indeed, if ab! Rx is a principal fractional 
ideal with a,b € Rx, relatively prime to I, then c = b?®) is totally pos- 
itive and congruent to unity mod I by Theorem 1.19. Thus ab-!Rx and 
ab?*(1)-! — ab-1cRx are in the same coset. Therefore it suffices to prove the 
existence of a finite set of integers a1,...,a, in Rx, such that every integer 
x € Rx, prime to I, becomes totally positive and congruent to 1 mod I after 
multiplication by one of the a,’s. This can be done by choosing from every 
fixed residue class mod I a set of elements representing all signatures, which 
is possible by Proposition 2.2 (i). Since there are 2"! different signatures and 
(1) different residue classes, the set so constructed is finite, and clearly has 
the required property. O 


Theorem 3.7. For every non-zero ideal I of Rx the groups H;(K) and 
H;(K) are finite. 


Proof : By Lemma 3.6 it suffices to prove the theorem for the group H(K). 
The proof is based on a lemma: 


Lemma 3.8. If K is of degree n over the rationals and has signature [ri, rol, 
then in every ideal class there exists an ideal I C Rx with 


ways = (2)" viacey. 


nr 


Proof : Let X be a class in H(K) containing I C Rx. By Proposition 1.43 
there is an ideal J C Rx belonging to the class X~1, and therefore IJ = aRx 
is principal. Since the index of J in Rx equals N(J), we may use Lemma 
2.23 to obtain c #0 in J with 


eel <= (2) Via. 
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The ideal cRx is divisible by J, hence we have A = cJ~! C Rx, and the 
ideals I and A are equivalent, thus A € X. But 


N(A)= Nal OUND) <5 (2) VIR 


by Corollary to Proposition 2.13. O 
The theorem follows now from Theorem 1.16 (ii). 


The number of elements in H(K), H*(K), Hr(K) and H7(K) are denoted 
by h(K), h*(K), hr(K) and h7(K), respectively. We shall call these numbers 
the class number, narrow class number, class number mod I, and narrow 
class number mod I, respectively. The presented proof of Theorem 3.7 shows 
that h(K) cannot exceed the number of ideals of Ry whose norms do not 


exceed the number Ps 
nl [4 
= (2) viaeyh 


n\n 
which is called the Minkowski constant of the field K. 

This implies, for example, that quadratic fields with discriminants d(K) = 
—3, —4, —7, —8, 5, 8, 12 and 13 as well as cubic fields with —49 < d(K) < 81 
have h(K) = 1, since in these cases only the trivial ideal has its norm bounded 
by the Minkowski constant. Theorem 1.45 implies that the rings of integers 
of these fields are unique factorization domains. 

We point out two corollaries to Theorem 3.7: 


Corollary 1. If I is a fractional ideal in K, then I**®) is principal. Oo 


Corollary 2. If I is a fractional ideal in K and for a certain positive m the 
ideal I™ is principal, then either I is principal itself, or (m,h({K)) #1. O 


The determination of the structure of class groups is one of the main goals 
of the theory of algebraic numbers. In the next section the reader will find 
some results connecting h}(K) with h(K), so that the problem of determi- 
nation of h7(K) will be reduced to the simplest case. 

Now we present an example of a field with class number bigger than 1, 
i.e. whose ring of integers is not a unique factorization domain. Consider 
K = Q(@) with 6 = /—5 and the ideal J = 2Rx + (1+ 0)Rx. We have 
N(1)|N(2Rx) = 4 and N(I)|N(1+ 9) = 6, thus N(J) equals either 1 or 2. If 
N(I) = 1, then I = Rx and for some z,y € Rx we have 1 = 2x + (1+ A)y. 
Write cz = a+ 60, y= c+dé6 with a,b,c,d € Z, which is possible by Theorem 
2.18. This leads to 


1 = (2a+c—5d) + (2b+d+c)O, 


96 3. Units and Ideal Classes 


thus 2a + c— 5d = 1, 2b+d+c = 0. But this system has no integral 
solutions, since it implies that c+d is at the same time even and odd, which 
is absurd. Hence N(I) = 2. To prove h(K) # 1 we have to show that there 
is no principal ideal of norm 2, i.e., there is no a € Rx with Nx g(a) = 2 
(obviously, there cannot exist elements of norm —2, since K is quadratic 
imaginary), but this is achieved by the observation that for x,y € Z we have 
Nxjo(# + y@) = 2? + 5y? # 2. 


3.3. Units 


1. This section is devoted to units, i.e., invertible elements of the ring of all 
algebraic integers. As in every domain, the units form a group under multi- 
plication. Units lying in a fixed algebraic number field K form a subgroup of 
that group; we shall denote it by U(K). Its elements will be called units of 
the field K, which is perhaps not the best name, since they are in fact units 
of Rx, every non-zero element of K being invertible in K. 

We shall determine the structure of the group U(K); this was first done 
by Dirichlet in 1840 in a slightly different setting, since his definition of an 
algebraic integer does not coincide with the one used now. 

We shall also consider divisibility in Rx. We say that a divides b and 
write a|b if a,b and the quotient b/a are integers. Note that this definition 
does not depend on the field in which a,b are contained. If a|b and bla, then 
we say that a and b are associated. Obviously, this happens if and only if the 
quotient b/a is a unit, and this means, that the principal ideals generated 
by a and 6 in any ring Rx containing these numbers coincide. The following 
easy result will be used quite often: 


Proposition 3.9. [fa,b¢ Rx and alb, then Nx g(a) divides Nx (6). 


Proof : Apply Proposition 2.4 (i) to the equality b = a(ba~*). O 


Now we prove some elementary results concerning units. 


Proposition 3.10. [fa is an algebraic integer, then the following conditions 
are equivalent: 

(i) a ts a unit, 

(ii) all, 

(iii) For every field K containing a, |Nx /9(a)| = 1, 

(iv) There is a field K containing a such that |Nx/9(a)| = 1, 

(v) There is a monic polynomial F € Z{X] with F(a) = 0 and |F(0)| = 1. 

(vi) There is a polynomial G(X) = Yj=0 c;X/ with integral coefficients, 
such that co and cy, are units and G(a) = 0. 
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Proof : The implications (i) = (ii), (iii) = (iv) and (v) => (vi) are trivial 
and (ii) > (iii) follows from the preceding proposition. To prove (iv) = (v) 
take for F the minimal polynomial for a over Z, and observe that Nx/g(a) 
equals some power of +F'(0). Finally, to establish (vi) = (i) observe that the 
polynomial W(X) = cp'X"G(X~*) has integral coefficients, is monic and 
vanishes at a~!, thus a~! is integral over the field generated by the coefficients 
of G. By Theorem 1.7 a~! is integral over Z and thus a is a unit. O 


Evidently roots of unity lying in K form the maximal torsion subgroup 
of U(K), which we shall denote by E(K). 


Proposition 3.11. The group E(K) is a finite cyclic group whose order is 
even and divides 2d(K). 


Proof : If ¢ #1 lies in E(K), then we can write 


C= l1Gs 
i=l 


where g; = p;"' are powers of distinct primes p; and n; are positive rational 
integers satisfying p; { n;. Put g = maxgq; and N = ([]}_, ai) /g. The number 
CN lies in K and is a primitive qth root of unity. If g = p*, then the degree 
of CN equals p*-!(p — 1) by Theorem 2.20, hence p?~'(p — 1) < [K : Ql, 
and we get only finitely many possibilities for g. In view of q; < q, the same 
applies to q;. This shows that E(K) is finite, and so it must be cyclic, since 
every finite subgroup of the group of all roots of unity is cyclic. Its order is 
even, because it contains the subgroup {1,—1}. To prove the last assertion 
factorize ##E(K) into primes: 


#E(K) = | [p%. 


The fields Q(¢,r) are subfields of K, and so, by Proposition 2.16 their dis- 
criminants divide d(K). But, by Theorem 2.20 they are equal to +p with 


Ae Bath if p; = 2, 


and as [| p?* divides d(K), the assertion follows. Oo 


2. We prove now Dirichlet’s unit theorem in the form due to Chevalley and 
Hasse. To state it we need certain definitions. 

Let S be a finite set of non-equivalent normalized valuations of K con- 
taining the set S,, of all Archimedean valuations. A non-zero element a € K 
is called S-integral, resp. an S-unit, if for every valuation v ¢ S we have 
v(a) < 1, resp. v(a) = 1. Note that if S = S., then S-integral elements 
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are exactly the integers of K, and S-units coincide with algebraic units, de- 
fined in the preceding subsection. The first assertion is a reformulation of 
the Corollary to Theorem 3.3, and the second follows now by the observation 
that for a € K* the equality v(a) = 1 is equivalent to v(a),v(a~!) <1. 

It is not difficult to see that the ring Kg of S-integers is a Dedekind ring. 
The S-units are invertible elements of Ks, and therefore form a group Us(K) 
under multiplication. 


Theorem 3.12. (The Dirichlet-Chevalley-Hasse theorem) The group Us(K) 
is the direct product of the group of roots of unity E(K) and a free Abelian 
group with s —1 free generators, s being equal to the number of elements in 
S. 


The special case S = S,, gives the celebrated Dirichlet unit theorem: 


Theorem 3.13. The group U(K) is the direct product of the group of roots 
of unity E(K) and a free Abelian group with r = r\(K) + re(K) — 1 free 
generators. 


Proof of Theorem 3.12. The idea of the proof is very simple. One constructs 
a homomorphism of Us(K) into the real s-space, whose kernel equals E(K), 
and then one proves that the image of Ug(K) is a (s — 1)-dimensional lattice, 
ie., a free Abelian group with s — 1 free generators. Since by Corollary to 
Proposition 1.33 every free Z-module is projective (and an Abelian group and 
a Z-module means the same), Proposition 1.34 (i) shows that Us(K) has the 
asserted form. 
Thus consider the mapping ®: Us(K) —> R® given by 


®: x [logv(x)Jves. 


At our first step we prove that 6(Us(K)) is a lattice: 
Lemma 3.14. The image &(Us(K)) is a discrete subgroup of R°. 


Proof : Since © is a homomorphism, the image of Usg(K) is a subgroup 
of R*. Therefore it suffices to show that there is a neighbourhood of zero 
containing only finitely many elements of 6(Us(K)). Assume the contrary. 
Then there exist infinitely many « € Us(K) such that for Archimedean v 
we have |logv(x)| < 1, and for non-Archimedean v = vp, € S (where p 
is the corresponding prime ideal in Rx) we have |logup(z)| < log N(p). 
If cp is the exponent corresponding to p, then vp(z) = N(p)~°?™, and 
so logup(z) = —cp(x) log N(p), showing that for our choice of x we have 
|cp(z)| < 1. Since c,(x) is a rational integer, it must be zero, thus z € Rx. 
Moreover all conjugates of x are bounded by exp1, whence we can have at 
most a finite number of z, contrary to our assumption. O 
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Observe now that Theorem 2.5 (i) implies that the kernel of ® coincides 
with E(K), and note that the image of Us(K) is a k-dimensional lattice 
with k < s —1, since, in view of Theorem 3.5, it lies entirely in the (s — 1)- 
dimensional hyperplane }>;_, X; = 0. 

In our next step we show that the dimension of (Us(K)) equals s — 1. 
We shall do this first in the simplest case, when S = S.,, in which case 
Us(K) = U(K), and then use the finiteness of the class-group H(K) to treat 
the general case. 

Let n = [K : Q], let wi,...,w, be a fixed integral basis of K, denote by 
I the set of all elements of K of the form )0"_, cjw;, where |c;| <1, cj €Q 
(j =1,...,n), and put 


g = max{1, max{v(z): cE T,v € Soft. 


Lemma 3.15. Let B be a positive integer. For every a € K, satisfying 
\Nx/q(a)| < B” there exists a non-zero element b of Rx such that for v € Soo 


we have f 
gB if v ts real, 

< 
alah) = ee otherwise. 


Proof : Assume first a € Rx. In this case the numbers 


n 
So cj; (0 < Cj < B,c; E Z) 
j=l 


cannot be all distinct mod aRx, since there are (1+ B)” > |Nx/g(a)| = 
N(aRx) of them. Hence one of their non-zero differences must be divisible 
by a, and if we denote it by ab, then our demands will be fulfilled. If a is 
not integral, then write a = ag/m with ap € Rx and natural m. Obviously 
|Nx/q@(ao)| < (mB)", and so the preceding argument shows the existence of 
b € Rx with v(aob) < gmB and v(aob) < g(mB)?, respectively, and therefore 
the asserted inequalities hold for v(ab). O 


Corollary. There exists a constant M > 1 with the property that for all 
a € K, satisfying 1/2 < |Nx /Q(a)| < 1, there exists a unit u € U(K) such 
that |ua| < M. 


Proof : Applying the lemma with B = 1 we obtain the existence of a non-zero 
b= W(a) € Rx, satisfying v(ab) < g for all v € S.o. This implies |Nx/g(b)| < 
2g”. Theorem 1.16 (ii) shows now that the numbers b(a) generate only a finite 
number of distinct ideals, and so there exists a finite set, say {by,..., 6} such 
that for every a, satisfying our conditions, we have b(a) = ub; for a certain 
j < N and a suitable unit u. Thus for every v € S. we have 


v(ua) = v(ab)v(ub~") = v(ab)v(b; *) <M 
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for a certain constant M, which does not depend on a. O 


Lemma 3.16. If s =1r1 +172 > 1, then there exist r= s—1 units in U(K), 
whose images in R® under @ are linearly independent. 


Proof : Let v1,...,Us be all Archimedean valuations of K ordered so that 
U1,.--,Ur, are real. Moreover let 0 < a; < bj (¢ = 1,2,...,8) be given. We 
claim that there exists a € K with a; < v;(a) < 6; for all ¢. In fact, define 


A abi fori =1,2,...,71, 
“| fa; fori=r, +1,...,8, 


and 


Jb; fori=ry4+1,...,s. 


Then our conditions take the form A; < |F;(a)| < B; (¢=1,2,...,s), where 
F;, is the embedding corresponding to v;. Now let w1,...,w, be an integral 
basis of K, and consider the following system of linear equations: 


B= {4 fori=1,2,...,71, 


S > 2) Fi(w;) == h; (i = L,.2, tee ,n), 
j=l 


where for 7 = s+1,...,n the embeddings F; are defined by F; = F;_,,, and h, 
are real numbers, satisfying A; < h; < B; fori =1,2,...,s and h; = hy_,, for 
i > s. By Cramer’s rule this system has a real solution 2),..., 2. If we now 
choose rational numbers y;, sufficiently close to x;, so that the inequalities 


Ai <|>_ yj Filws)| < By (= 1,2,.-.,8) 
j=l 


hold (where for i > s we put A; = A;_,, and B; = B;_,,), then the number 
a = )%5_1 jw; gives what is required. 
This being done, we can now find aj,...,a, € K, satisfying the inequali- 

ties 

M <u,(a;)<cM (t#9), 

1 1 

2Mr < Uj (a;) < (eM)"’ 

where the constant c > 1 satisfies 1 < c < 2!/". Then we get 1/2 < 
INxq(a:)| < 1, and by Corollary to Lemma 3.15 we obtain for suitable 
units u; the inequality v;(uja;) < M for all j. In particular for i # j we 
get v;(ui) < 1, ie., log v;(ui) < 0. Now consider the matrix [log v;(u;)] with 
1 <i,3 <r. We have to show that it is non-singular. For this purpose note 
that the product formula (Theorem 3.5) gives 
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S > log v5 (ui) =-—logv,(u;)>0 (¢=1,2,...,r), 
j= 


and so our assertion follows from the observation that is [a;;] is a n x n real 
matrix with aij <0 fori AJ and ye aij > 0, then its determinant does 
not vanish. Indeed, otherwise there would exist a system 21,...,2%p, of real 
numbers, not all equal to zero, and such that 


Ye = 0 G12 ..¢n). 
j=1 


We may assume that max |z;| = xy, changing signs, if necessary, of all num- 
J ? ’ o] 
bers x;, and then we obtain a clear contradiction: 


n n 
0= > anjlj; =Ann&tnN + ) anjXj = IN ) an; > 0. 
j=l JAN j=l 


Therefore the dimension of #(U(K)) equals r. O 


Now we come back to the general situation: 


Lemma 3.17. There exist s — 1 units in Us(K), whose images in R* are 
linearly independent. 


Proof : Since U(K) C Us(K), we may consider &(U(K)) as a sublattice of 
P(Us(K)). Moreover ®(U(K)) ~ U(K)/E(K), ®(Us(K)) ~ Us(K)/E(K), 
thus 6(Us(K))/®(U(K)) ~ Us(K)/U(K) is a free Abelian group with at 
most s—1l1—r-= s—r;—r2 = m free generators by Lemma 3.16. We 
have to prove that it has exactly m free generators. In order to do this it 
suffices to show the existence of m multiplicatively independent elements in 
that group, i.e., elements for which no product of their integral powers can 
be equal to the unit element, except the trivial case, when all exponents 
are zero. Let v1,...,Um be the discrete valuations in S and let %1,...,Bm 
be the corresponding prime ideals of Rx. The ideals pr) are principal 
by Corollary 1 to Theorem 3.7, and thus have the form a;Rx, where the 
a;’s are S-units. We claim that their images are multiplicatively independent 


in Us(K)/U(K). In fact, if for some rational integers t,,...,tm we have 
a=], a;' € U(K), then the ideal aRx = ([], Bi)" equals Rx, and thus 
Theorem 1.12 implies the vanishing of t;,...,tm. O 


As already said, the last lemma implies the theorem, because we have 
now an exact sequence 


0 —> E(K) —> Us(K) — ®(Us(K)) —> 0. 
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with a free (thus projective) last non-zero term. Proposition 1.34 now gives 
Us(K) ~ E(K) 6 ®(Us(K)), 


and the second summand is a free Abelian group with s — 1 free generators. 


a] 
Corollary 1. There exist S-units €,,...,€s—1 such that every S-unit u can 
be written in a unique way in the form 
u= cer? ewer eas 
where € € E(K) and ny,...,ns—1 € Z. O 


Every system €1,...,€s—1 of S-units, having the property stated in that 
corollary is called a fundamental system of S-units. In the case S = S., we 
speak simply about fundamental system units of K. 

For any system u1,...,Ur of units of K (with r =r, +r2—1) we define 
the regulator R(uy,...,u,) as the absolute value of the determinant of the 
matrix [log v;(u;)], where v; runs over all valuations from S,,. except one. 


Corollary 2. (i) The value of the regulator does not depend on the deleted 
valuation. 


(ii) The regulator R(u1,...,u,) vanishes if and only if the units u; are 
multiplicatively dependent. 

(iii) If u,...,u, and s1,...,8, are two fundamental systems of units of 
K, then 


R(u,...,Ur) = R(s1,..., 8p). 


If we denote this common value by R(K), and aj,...,@, is an arbitrary sys- 
tem of multiplicatively independent units of K, then 


R(K) < R(ay,..., ar). 


Proof : All assertions follow from the definition of the regulator, elementary 
properties of determinants, and the equality }),<g_ logu(a) = 0, valid for 
a €U(K). O 


The number R(K) is called the regulator of the field K, and r(K) = 
r1(K) + ro(K) — 1 is called the unit rank of K. If r(K) = 0 then we put 
R(K) =1. 
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3. We shall now consider, as an example, units of quadratic fields. 
Proposition 3.18. Let K = Q(VD), where D #1 is a rational square-free 


integer. 
(i) if D <0, then 


{+1, +i} if D=-1, 
U(K) = E(K) = ¢ {+1,(414V-3)/2} if D=-3, 
{+1} if D # -1,-3. 


(ii) If D > 0, then there exists a unit n such that U(K) = {+n”: ne Z}. 
There are four choices for yn: if € is one of them, then the others are —e, 
1/e and —1/e. For one of these choices we have n = (a+bVD)/2> 1 with 
a,be€Z anda,b>0. 

(iii) Jf D > 0 and the pair < A,B > is a positive solution of 


X? — Dy* =44 (3.4) 


satisfying 
A=B (mod2) ifD=1 (mod 4), 
2|A, 2|B if D#1 (mod 4), 


and with minimal value of A, then n = (A+ BVD)/2. 


Proof : (i) In this case we have r(K) = 0, and so Theorem 3.13 shows that 
U(K) coincides with E(K), Let ¢, be a generator of E(K), and let p* be 
a prime power divisor of n. Then ¢,« € K and using Theorem 2.20 we 
obtain p*-!(p — 1) = y(p*) < 2, which implies p* € {2,3,4}. Therefore 
n € {2,3,4,6,12}. Since ¢3,¢6 € Q(V/—3), and Cy = i € Q(z) it remains to 
observe that in view of 


XM? 1 = (X? -1)(X? +.1)(X? 4+ X41)(X? -X4+1)(X*- xX? 41) 


the number (12 is a root of the irreducible polynomial X+ — X? + 1, hence 
its degree equals 4. 


(ii) The first assertion is a direct consequence of Theorem 3.13, since we 
have r(K) = 1 in this case, and the second follows immediately. It remains to 
show that if 7 = (a + bVD)/2 > 1, then a and b are positive. To obtain this 
observe first that the sets {n, —n,1/n, -1/n} and {(+a + bVD)/2} coincide, 
and note that exactly one element of them has its both coefficients x,y in 
the canonical representation (x + yVD)/2 positive. It is clear that. element 
exceeds 1. 


(iii) Let A,B > 0 be a positive solution of (3.4), satisfying the above 
congruences and with minimal A (its existence being assured by the theory 
of the Pellian equation), and write « = (A + BVD)/2. Since Nx ole) = 
(A? — B?D)/4 = +1, we have e € U(K). If n > 1 is as in (ii), then € = n” 
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for a certain n > 1, since « > 1. We are going to show that n = 1. Write 
n = (a+ bVD)/2 with a, b positive. 
Assume n > 1 and observe first that B < b, because otherwise we would 
have 
a? =+4+ Db? <+4+ DB? = A’, 


contradiction. 
Now . 
Arby DM m\ snk (DYE 
2 2” k 
k=0 
and 


@ ak pk pk/2 


a ak pk p(k-1)/2, 


1 
a Qn-1 Ly 
2|k 
1 
B= Qn-1 ye 
2tk 


This implies 


and adding we get i 


n-1 


Finally we obtain 2"-1 > (a+b)"~1 and 2<a+b< 2, acontradiction. O 


Using this proposition and some facts from the elementary theory of num- 
bers we are now able to find the fundamental unit of any real quadratic field. 


Theorem 3.19. Let D > 0 be a square-free rational integer and let kK = 
Q(VD). Denote by n > 1 the fundamental unit of K, let s be the period of 
the continued fraction for VD, and let P/Q be the (s — 1)-st convergent of 
it. If D #5 (mod 8), thenn = P+ QVD, and if D = 5 (mod 8), then either 
n or n> equals P+QVD. Moreover, the norm of n is positive if and only if 
the period s is even. 


Proof : We have to use some results from the theory of the Pellian equation, 
as presented for example in Sierpiriski [64,p.307]. Namely, we use the following 
theorem: 


If the period s is even, then the equation X*— DY? = —1 has no solutions 
and the smallest natural solution of X?— DY? = 1 is given by X = P, Y = Q, 
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whereas if s is odd, then X = P, Y = Q is the smallest natural solution of 
X?— DY? =-1. 

Observe that if D 4 5 (mod 8), then every unit of K has the form x+yVD 
with x,y € Z. In fact, if D # 1(mod 4), then this results from the form of 
the integral basis given in Theorem 2.18, and in the case D = 1(mod 8) one 
should note that if (e+yvD)/2 (with x, y € Z) is a unit, then z2— Dy? = +4, 
whence x? — y? = 4(mod 8), which is possible only if x and y are both even. 
This remark together with the last proposition settles the case D # 5 (mod 8). 

Now turn to D = 5(mod 8). The number « = (2P + 2QVD)/2 is the 
least unit exceeding 1 for which both the coefficients in its numerator are 
even. This is guaranteed by the above result about Pell’s equation. If € is the 
fundamental unit, our case is settled. Otherwise we have « = 7” for a certain 
n > 2, with n > 1 being the fundamental unit. If 7 = (A+ BVD)/2, then A 
and B are odd. Note now that in 


P= (A? + DB?)/2+ ABVD 
—ee 


the coefficients in the numerator are both odd, but in a similar expression 
for 7° they are both even, and we get « = 7°. Since the norms of € and n 
coincide, this proves the theorem. O 


This theorem gives a method of finding a fundamental unit which is not 
very practicable, since it involves the computation of the full period of the 
continued fraction of WD, which may be sometimes very long. 


4, Using Dirichlet’s theorem, we give now a description of fields which have 
a proper subfield with the same unit rank. We shall use the notation K* for 
the maximal real subfield of a field K,ie., Kt = KOR. 


Proposition 3.20. If K is a proper subfield of L, then the groups U(L)/E(L) 
and U(K)/E(K) are isomorphic if and only if K is totally real, L is totally 
complex and [L: K] = 2. If this happens, then K = Lt. 


Proof : lf U(L)/E(L) and U(K)/E(K) are isomorphic, then their ranks co- 
incide and Theorem 3.13 gives 


ri(K) + r2(K) = r1(L) + r2(L). 
Putting n = [L: K] we get 
r(L) + 2ro(L) = [L: Q) =n[K : Q| = nri(K) + 2nre(K), 


thus 
ro(L) = (n — 1)ri(K) + (2n — 1)ro(K), 


and 
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ri(L) = (K) + 7ro(K) — ro(L) = (2 — n)ri(K) + 2(1 — n)ro(K). 


Since r;(L) > 0, the last equality implies n < 2, thus n = 2 and r(L) = 
—2r2(K), which is possible only if r;(L) = r2(K) = 0, showing that L is 
totally complex and K is totally real. The converse implication is obvious, 
and the last assertion results from the observation that [L : K] = 2 is a 
prime, and therefore there are no intermediate fields between K and L. OU 


A totally complex field, which is a quadratic extension of a totally real 
field is called a CM-field. The last proposition establishes a characteristic 
property of such fields. 


Corollary 1. If K is a proper subfield of L, then the factor group U(L)/U(K) 
is finite if and only if L is aCM-field, and K = L*. 


Proof : Observe first that the embedding U(K) —> U(L) implies that 
A(K) = U(K)/E(K) is a subgroup of A(L) = U(L)/E(L). If the group 
U(L)/U(K) is finite, then A(K) is of finite index in A(L), and, since they 
are both free Abelian groups, their ranks coincide, whence they are isomor- 
phic. Now the last proposition implies the first implication. To obtain the 
converse implication observe that if L is a CM-field and K = Lt, then the 
proposition shows that A(K) Cc A(L) are free Abelian groups of the same 
rank, hence the index [A(L) : A(K)] is finite. Oo 


There exist fields L having a system of fundamental units lying in a proper 
subfield K C L, ie., U(L) = E(L)U(K). We prove now that such situation 
arises when L/Q is a complex cyclic extension. 


Theorem 3.21. If L/Q is cyclic, then L has a fundamental system of real 
units. 


Proof : If L is real itself, then there is nothing to prove. So assume that L is 
a complex cyclic extension of degree n. Then n = 2r2 is even and the unit 
rank equals r = n/2 — 1. Fix a system €1,...,€, of fundamental units of L, 
let o be a fixed generator of the Galois group G(L/Q), let ¢ be a generator 
of E(L), and put N = #E(L). 

Consider the matrix A = [a;;], whose elements are uniquely defined by 


¢ 
o(e:) = 6" |? i= 1,2,...,75 a4, di; EZ). 
j=l 


We shall prove that A satisfies 
Av + A714---4A4E=0, (3.5) 
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E being the unit r x r matrix. 
If we put, for k = 1,2,...,r, 


bas 
oF(e) = CH TT G4 (i= 1,2)...,7); 
j=1 


then we get [a;;(k)] = A*, and this implies in turn 
Tr 
T; = €,0(e) +--+ 0" (€;) = CF ll ej 1 acs); 
j=l 


with [b;;] = A” + A”~14+.---+A+ E. Thus we have to show that all b;;’s 
vanish, or, which means the same, that all T;’s are roots of unity. Since 
o”+1 — g”/? is the only element of order two in Gal(L/Q), it coincides with 
complex conjugation, and we obtain 


ol (e)orl?*1(6,)---0" Me) = o"/?(€s0(e)---07(e)) = "7 (Ti) = Fi, 
which implies 
Nyala) = ao(a)---0" *(@) = LF, = |T). 


Proposition 3.10 leads now to |T;| = 1 for i =1,2,...,7. We shall now show 
that |o*(Z;)| = 1 holds for k = 1,2,...,n—1. In fact, for k = 1 we have 


o(Ti) = o(6)--- oF" (e:) = Tes" G, 
whence |o(T;)| = 1, and if |o*~1(T;)| = 1 holds, then the equalities 
o*(T;) = 0 (o(T;)) =o (Tye, *&) 
= oF 1D) '(6; oF He) 
= TFT J/o*"(«) 


show that |o*(T;)| = 1. Theorem 2.5 (i) enables us to conclude that all T;’s 
are roots of unity, and so A satisfies (3.5). This implies in particular that 
Av/? — EF, hence for i = 1,2,...,r the equalities 

o”!?(e;) = Ctig; 


hold with 


i= S a; (bi; 8" + aigB"—* + aij(2)8"-* +--+ + aij (r)), (3.6) 
= 


where (3 is defined by o(¢) = C8 and 0 < 6 < N, and 6;; is the Kronecker 
symbol. 
By Proposition 3.11 N is even, therefore in view of 
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Ct=aC=0"(Q =", p/?+1=0 (mod N), 


we conclude that @ is odd. 

Applying once more (3.5) and using the oddness of 3 we see that the terms 
in parentheses in (3.6) are all even, thus the same holds for the t,’s. Putting 
t; = 2u,; and n; = ¢“e; fori = 1,2,...,r we obtain that the 7;’s form a system 
of fundamental units. Moreover, due to jj = o°/?(m) = C~*s"/2(e;) = 
C4. (%e; = Cie; = nj, they are all real. 


Corollary. If p is an odd prime andn > 1, then every unit € of the cyclotomic 
field L = Q(Gp») can be written in the form e = C-n, where ¢ € E(L) and 
n € U(L*). 


Proof : It suffices to note that the extension L/Q is cyclic and to apply the 
preceding theorem. O 


A similar, but weaker, conclusion is true for a large class of normal CM- 
fields: 


Theorem 3.22. If K is CM-field such that the extensions K/Q and Kt /Q 
are both normal, then every unit « of K can be written in the form € = Cn, 
where ¢ is a root of unity, whose square lies in K and 7 is a real unit, whose 
square lies in K*. 


Proof : We need a lemma: 


Lemma 3.23. Under the assumptions of the theorem the complex conjuga- 
tion acts trivially on U(K)/E(K), t.e., for every unit « of K we have € = ue, 
with u € E(K). 


Proof : Observe first that the normality of K+ /Q implies that the complex 
conjugation s lies in the center of G = Gal(K/Q). Indeed, the group {e, s} 
corresponds to K+ by Galois theory, hence it is a normal subgroup of G. 
Thus for g in G we must have either gsg~! = e, or gsg~! = s. However, 
the first equality gives s = e, a contradiction, thus we must have sg = gs. If 
e € U(K), then for u = ée~! we have |u| = 1, whence for all g in G we get 


1 = g(ui) = g(u)g(u@) = g(u)g(u), 


thus |g(u)| = 1 and Jul = 1 follows. By Theorem 2.5 (i) u must be a root of 
unity, and the lemma follows. O 


If now €« lies in U(K), then by the lemma we have € = ue, with a suitable 
root of unity u € K. The number |e| is a real unit, being a root of X? — é. If 
we put ¢ = é/|e|, then (? = e?/|e|? = c€-! = u“!, hence ¢ is a root of unity. 
Since cé lies in Kt our assertion follows with 7 = |el. O 
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5. Certain subgroups of the group U(K) of units are also of importance. 
Let I be a non-zero ideal of Rx, and denote by U(K,I) the subgroup of 
U(K), consisting of all units of K, congruent to unity mod J. Similarly, let 
U*(K,1I) be the group of all totally positive units of K, congruent to unity 
mod I. In the case I = Rx we shall simply write Ut(K) for this group. It 
consists of all totally positive units of K. 

The structure of these groups is described by the following result: 


Proposition 3.24. If r(K) > 1, then the group U*(K,1) is the product of 
the cyclic group consisting of all totally positive roots of unity contained in 
K, which are congruent tol mod I andr copies of the cyclic infinite group. 
The group U(K, 1) is the product of the cyclic group consisting of all roots of 
unity of K, congruent to 1 mod I andr copies of the cyclic infinite group. 


Proof : Since the 26(I)th power of every element of U(K) lies in U*(K, I) 
and U(K)/E(K) is the rth power of the cyclic infinite group, the same holds 
for U+(K, I) /(E(K) NU*t(K, J)), and our assertion about Ut (K, I) follows. 
The same argument applies to U(K, I). O 


This proposition shows that for a given ideal I one can find units 7,..., 7, 
in U*(K,I) and in U(K, I) such that every element of these groups can be 
uniquely written in the form ¢n/' ---n?" with rational integral exponents n;, 
¢ being a root of unity lying in U*(K, I) and U(K, J), respectively. The units 
™1,+++,7r are called the fundamental totally positive units mod I of K, and 
the fundamental units mod I of K, respectively. 

The regulators of a system of fundamental units mod I and of a system of 
fundamental totally positive units mod I are denoted by R;(K) and R{(K), 
respectively. 

Now we shall establish the connection between the class numbers h(K), 
h*(K), hr(K) and h7(K). To do this we have to introduce some notation. 
Consider the map f : K* —+ D(K), as defined in subsection 1 of Sect.2 and 
look at the images of U(K) and U(K, 1) under this mapping. They obviously 
lie in the 2-group generated by the infinite prime divisors, thus they are 
finite, and we may write, say, #f(U(K)) = 2° and #f(U(K,1)) = 2°. For 
our immediate purpose it is important to observe that #f(U(K)) equals the 
number of possible signatures of units, and #f(U(K, I)) equals the number 
of possible signatures of units congruent to unity mod I. Moreover, denote 
by ~(J) the number of residue classes mod I which can be represented by 
units of K. 


Theorem 3.25. Let I be a non-zero ideal of Ry. Then we have: 

(i) H(K) ~ Hi(K)/P)(K), hr(K) = h(K) (1/4 (0), 

(ii) Hi(K) ~ Hy (K)/P7(K), hj(K) =2"~*hi(K), 

(iii) H(K) ~ H*(K)/PE,(K), h*(K) = 2"~*h(K), where P?(K) de- 
notes the group of classes of Hj(K) consisting of principal ideals having 
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a generator congruent to unity mod I, and po denotes the subgroup of 
Hy(K) consisting of classes containing principal ideals. 


Proof : If two ideals are in the same class in H;(K), then they are also in the 
same class in H(A’). This simple remark shows the existence of a canonical 
homomorphism of H;(K) in H(K), carrying every class of H;(K) in the class 
of H(K) containing each of its ideals. Corollary 6 to Proposition 1.14 shows 
that every class in H(K) contains an ideal relatively prime to J, and so the 
homomorphism just defined is in fact surjective. Its kernel being obviously 
Po, we arrive at the first assertion of (i). To prove the second assertion we 


have to evaluate PO. It consists of a union of h;(K)/h(K) classes of H;(K) 
and this is the number we have to find. Let EF be the unit class of H(K) 
and let A € E satisfy (A,I) = 1. If a is any generator of A, then other 
generators have the form ea with e € U(K). Therefore with every such A 
we may associate a set A4 = {A1,...,Ax} (with & = W(1)) of residue classes 
mod J, namely of those, which have a representative generating the ideal 
A. Obviously, two ideals A,B € E, satisfying (AB,I) = 1 are in the same 
class of H;(K) if and only if the sets A4 and Ag coincide. Since there are 
(I) /(L) such sets, we arrive at hy(K)/h(K) = ®(I)/w(J), proving (i). 

The proof of (ii) follows the same pattern. We consider the canonical 
surjective homomorphism H7(K) —>+ H;(K) with kernel P*(K). Consider 
the principal class of H;(K), which consists of all principal ideals of the form 
aRx with a = 1(mod J). We have to find the number of classes of H}(K) 
formed by such ideals. If a = 1 (mod J) and a generates an ideal A, then every 
other generator of A congruent to unity mod I must be equal to ea for some 
e € U(K,I). Associate with every such ideal a set IT = {11,...,%m} (with 
m = 2") of signatures of its generators congruent to unity mod J. Obviously, 
two ideals from the principal class of H7(K) are in the same class of H;(K) 
if and only if their systems of signatures coincide. By Proposition 2.2 (i) 
every possible signature can be represented by an integer congruent to unity 
modJ, whence there are exactly 2"1~* systems I’, proving (ii). 

Finally, (iii) is a special case of (ii), with J = Rx. O 


Corollary 1. The equality H(K) = H*(K) holds if and only if K contains 
units of every signature. This holds, in particular, for all totally complex 
fields. O 


Corollary 2. If K is a real quadratic field and ¢€ is its fundamental unit, 
then 

‘< _ f2h(K) if Nx o(e) =1, 
Wey { h(K) otherwise. 


Proof : In this case the factor 2"!~* equals either 1 or 2, the first possibility 
arising when there are units of every signature. One sees directly that this 
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happens if and only if there is a unit of negative norm, but this implies that 
the norm of the fundamental unit is negative. Oo 


Corollary 3. If K is totally real, then H(K) = H*(K) holds if and only if 
every totally positive unit of K is a square in K. 


Proof : Let U?(K) be the group of all squares of units of K. Theorem 3.13 
and Proposition 3.11 imply that the quotient U(K)/U?(K) is isomorphic to 
C} with n = [K : Q|, and since the number of possible signatures equals 2” 
and U?(K) C U*+(K), it follows that the ratio 


# (U*(K)/U?(K)) = #(U(K)/U?(K))/#(U(K)/U* (K)) 


equals 1 if and only if #U(K)/U*(K) = 2”. However the index of Ut+(K) 
in U(K) equals the number of unit signatures in K, and it remains to apply 
Corollary 1. O 


To state the next corollary, denote by eg(A) the number of the invariants 
of the finite Abelian group A which are divisible by a prime power gq, i.e., the 
number of cyclic factors of order divisible by gq in a decomposition of A into 
cyclic summands. Note that e,(A) does not depend on the decomposition. 


Corollary 4. Forn > 1 we have 
€on(H(K)) = eg9n(H*(K)) + A(n) — A(n — 1), 


where 24(") is the number of classes in PR,,(K) which are 2”-th powers of 
elements of H*(K). 


Proof : Write, for brevity, H, H* and P for H(K), H*(K) and Pz, (K). For 
every Abelian finite group A and n > 1 w have 


€gn(A) = dimp, A?” /A2”, 


since every group C3’ can be regarded as a linear space over F and A2” * /A2” 
is of this form. 
The natural map H* —> H induces the exact sequence 


OS RH A A” S30, 
(where X = (PN (H*)?""")/(P/N (H*)?") of linear spaces. Hence 


€Qn (H*) = €9n (7) + dimr, xX 
= €2n(H) + loga(#X) = ean (H) + A(n — 1) — A(n), 


giving our assertion. O 
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Corollary 5. The 2-ranks of the groups H(K) and H*(K) coincide if and 
only if every class of H*(K) consisting of principal ideals is a square. 


Proof : This follows from the case n = 1 of the preceding corollary. O 


6. In the case of a normal extension K/Q one may ask about the existence 
of a system of fundamental units which are all conjugate, or at least of a 
system of r(A’) conjugate independent units, where independence means the 
linear independence of their images in the real n-space under the mapping 
considered in the proof od Dirichlet’s theorem. The main result of this type 
is due to Minkowski: 


Theorem 3.26. If the extension K/Q is normal, then there exists a system 
of r(K) independent conjugated units. 


Proof : Let [kK : Q| = n, and denote by G the Galois group of K. Assume 
first that the extension K/Q is totally complex, and let tT € G be the complex 
conjugation. Writing G = {g:,7g: : i = 1,2,...,8 = n/2} we obtain that 
every normalized Archimedean valuation of K is of the form v;(x) = |g;(x)|? 
(i = 1,2,...,s). As in the proof of Theorem 3.12 we obtain the existence 
of a unit € with vi(e) > 1 and u;(€) < 1 for i 4 1. Now consider the units 
€,92 (€),--.;9; (6). We have 


°%5 (9. (8) = 19; Ik (6) <1 otherwise. 


Therefore, if we put 7 = er(e), then the reasoning used in the proof of The- 
orem 3.12 shows that if remove one element from the set {g;(7) : i = 
1,2,...,s}, then the remaining elements form an independent set of con- 
jugate elements. 

The same type of argument applies to the case when K is totally real. In 


this case we have G = {g;: i = 1,2,...,n}, every Archimedean valuation 
has the form v;(x) = |g;(x)|, and n — 1 conjugates of €, obtained as above, 
form an independent set of units. | 


The last theorem gives some information about the action of the Galois 
group on the group of units. To be more precise, let Z[G] be the group-ring 
of a given finite group G over Z, i.e., the free Abelian group generated by 
elements of G, in which one defines multiplication by means of 


Qgg° ye bph = S-( SS agbp)t. 


gEG heG tEG gh=t 


If K/Q is normal with Galois group G, then every subgroup D of the 
multiplicative group K*, which is G-invariant, acquires the structure of a 
Z{G|-module, where an element A =)? <q agg of Z[G] acts on « € D by 
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Ar = II g(x)*s 


geéG 


We shall be interested in the case D = U(K). Since E(K) is G-invariant, 
the factor group Up(K) = U(K)/E(K) is also a Z[G|-module. Observe now 
that if a € U(K) is such that r(K) of its conjugates satisfy Theorem 3.26, 
then the submodule U;(K) of Uo(K) generated by the image of a is of finite 
index. Indeed, both Ui(K) and Uo(K) are free Abelian groups of the same 
rank. We may thus state Theorem 3.26 in the following form: 


Theorem 3.26a. If K/Q is normal with Galois group G, then the Z[G]- 
module U(K)/E(K) contains a cyclic submodule of finite index. O 


We may ask under what circumstances will U(K)/E(K) be itself cyclic. 
If this happens, then every unit representing the generator of U(K) is called 
a Minkowski unit. Moreover, if there exists a unit wu whose certain conjugates 
form a system of fundamental units, then u is called a strong Minkowski unit. 


Proposition 3.27. A strong Minkowski unit is a Minkowski unit, and if K 
is real, then these notions coincide. 


Proof : If €1,...,€, is a system of conjugated fundamental units, then the 
image of €; in Up(K) generates Up(K), whence e; is a Minkowski unit. 
If K is real and € is a Minkowski unit, then every unit u of K can be 
written in the form 
U=x Il g(e)"4 


gEG 


with ag € Z. Since 


Il g(e) = Nxole é)= +1, 
gEG 


we get, with e = idx being the unit of G, 


€==x Il g(e)* 


gFe 
whence 
w=t Il g{e)79~%, 
g#e 
i.e., the set {g(€) : g # e} is a set of generators of U(K), and since it contains 
[K :Q|-—1=r(K) elements, it is a set of fundamental units. O 


The problem in which fields there exist Minkowski units or strong Minkow- 
ski units is unsolved, except in certain special cases. We present now one of 
them. 
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Theorem 3.28. If p is an odd prime such that the cyclotomic field Q(¢p) 
has class-number 1, and K/Q is a cyclic extension of degree p, then K has a 
strong Minkowski unit. 


Proof : We start with an easy lemma: 
Lemma 38.29. If K/Q is normal with Galois group G and 


N=) > g9€ ZG, 
gEG 


then the principal ideal of Z[G], generated by N equals NZ. If A denotes the 
factor ring Z[G]/NZ, then Up(K) = U(K)/E(K) becomes a A-module in a 
canonical way. 


Proof : The ideal generated by N obviously equals NZ[G] and contains NZ. 
Ifnow b= yeq beg € Z[G] and a = Nb € NZIGI, then a= (Dec by) Ne 


NZ, and NZ|G| = NZ follows. The second assertion results from the obser- 
vation that for u € U(K) we have 


Nu = T] 9(u) = Nxjo(u) = +1 € B(K), 
geG 


and we see that N acts trivially on Uo(K). Therefore the action of Z[G] on 
Uo(K) induces canonically the action of A. O 


The theorem follows now without much effort. Indeed, in our case the 
group G is cyclic, so let g be its generator. Put also R = Z[¢,]. The homo- 
morphism »: Z[G] —> R of rings, defined by y(g) = ¢p is surjective and its 
kernel equals NZ, with N=e+g9+g9?+-::+ "71. Indeed, NZ lies in the 
kernel because of 1+ ¢p +--- +27" = 0, and if a = ae a;g) lies in the 
kernel, then 


p-1 p-2 
0= y(a) = 5 a;6f = 5 (ay — ap-1) G8, 
j=0 j=0 
thus by Theorem 2.20 we get ap = a] =... = Gp_1, ie., a € NZ. It follows 


that R and Z[G]/NZ are isomorphic rings, and the lemma shows that Uo(K) 
is a finitely generated R-module. Since by Theorem 2.20 R is the ring of 
integers of Q(G,), it is Dedekind, and by assumption it has class-number 1, 
and Theorem 1.45 implies that it is a principal ideal domain. Theorem 1.32 
shows that with a suitable m > 0 the R-module Uo(K) is isomorphic to 
R™ @T, where T is a torsion R-module. By Proposition 1.40 T is finite, and 
were it non-zero, then Up(K) would contain a finite non-zero subgroup, which 
is absurd. By Theorem 3.13 the Z-rank of Up(K) equals p — 1, and since the 
Z-rank of R™ is m(p—1), we obtain m = 1. Thus Up(K) is isomorphic to R as 
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an R-module, and a fortiori as a Z[G]|-module. But R is a cyclic Z[G|-module 
and thus Kk has a Minkowski unit. Since K is real, this unit is also a strong 
Minkowski unit by Proposition 3.27. O 


Unfortunately, it has been shown by Uchida [71,III] that the assumptions 
of this theorem are satisfied only for primes p < 19. 


3.4. Euclidean Algorithm 


1. We shall now be concerned with fields whose rings of integers are Eu- 
clidean. It is well known that every such ring is a unique factorization domain, 
and so such fields have trivial class-groups. We recall the definition: 

A domain R is said to be a Euclidean domain if there exists a function p, 
defined on R whose values are non-negative rational integers, satisfying the 
conditions 

(i) One has p(x) = 0 if and only if z =0, 
and 

(ii) If a,b € R, b #0, then there exist c,r € R such that a = bc +r and 
p(T) < p(d). 

In earlier treatments of this subject usually the additional condition 
p(ab) > p(b) for non-zero a,b was made, however it has been shown by Veld- 
kamp [60] (see also Samuel [71]) that it is redundant, since it does not change 
the class of rings considered. 

We shall say that an algebraic number field K is norm-Euclidean if the 
ring Rx is Euclidean with p(z) = |Nx,Q(z)|. The following proposition is 
helpful in establishing the norm-euclidicity of a given field: 


Proposition 3.30. A field K is norm-Euclidean if and only if for every 
a€K there existst € Rx with |Nx/g(a—t)| <1. 


Proof : In our case the Euclidean condition takes the form |Nx /g(a— bc)| < 
|Nx/Q(b)|, for given a,b 0 and suitable c, all of them integers of K, and in 
view of the multiplicativity of the norm we may write it as 


INx/q(ab-? — 0)| <1. 


It remains to observe that every element of K may be written as a ratio of 
two elements of Rx, Oo 


Corollary. An imaginary quadratic field K is norm-Euclidean if and only if 
d(K) € {—3, —4, -7, —8, -11}. 


Proof : First we show that all listed fields are indeed norm-Euclidean. If 
d(K) € {—4, —8}, then every integer of K has the form « + yVD with D = 
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d(K)/4 and 2,y € Z. If now a+bvD (a,b € Q) is an arbitrary element of K 
and we choose 2, y € Z with |a — z| < 1/2 and |b— y| < 1/2, then 


INxjq((a+ bVD) ~ (e+ yVD))| = (aa)? + (-wy"i s PI <a, 


since D € {—1, —2}. 

If d = d(K) € {-3,-—7,-11}, then the integers of K have the form 
(c + yVd)/2 with a,y € Z of the same parity. If a+ bVd € K (a,b € Q), 
then choosing first y € Z so that |b — y/2| < 1/4 and afterwards x € Z with 
la — x/2| < 1/2 and x = y(mod 2), we obtain 


INxo((at bVd) — («/2 + (y/2)Vd))| = (a — 2/2)” + (b— y/2)°ldl 
e Atlal 
16 


<1. 


Now assume that K is a norm-Euclidean imaginary quadratic field and 
put d = d(K). Consider first the case 4|d. Put D = d/4 and let a = VD/2. 
Since K is norm-Euclidean, there exists « + yVD € Rx (x,y € Z) with 


INxo(x + (y —1/2)VD)| <1, 
= x? + (y —1/2)?|D| <1. 


However for every y € Z one has (y—1/2)? > 1/4, whence |D|/4 < 1, leading 
to d € {—4, —8}. 

If 4 { d, then consider a = (1 + Vd)/4. For certain z,y € Z we have 
|Nx/o(a— (% + yv4)/2)| <1, thus 


Le sey? 1 y\? 
G-3) +(7-4) |d| <1. 


However for all m € Z one has |1/4 — m/2| > 1/4, whence 1+ |d| < 16, 
leaving us with d € {—3, —7, —11}. O 


2. The determination of all real quadratic norm-Euclidean fields is much 
more difficult. Heilbronn [38a] proved that their number is finite, and later, 
through efforts of several authors, it was established that their discriminants 
are equal to 5, 8, 12, 13, 17, 21, 24, 28, 29, 33, 37, 41, 44, 57, 73 and 76, The 
final step was done by Chatland and Davenport [50]. We shall not present 
the proof of this result, belonging rather to the geometry of numbers, and 
prove only the following theorem: 


Theorem 3.31. The real quadratic fields with discriminants d = 5, 8, 12, 
13, 17, 21, 24, 28 and 29 are norm-Euclidean. 


Proof : We need a simple lemma: 
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Lemma 3.32. If0 <a < 2 anda#5/4, then to every real x there corre- 
sponds a real y satisfying x — y € Z and |y? — al <1. 


Proof : If a = 0, then a suitable number from the interval (—1/2, 1/2] will do. 
The assertion will hold also with a suitable number y satisfying 1/2 < |y| < 1, 
if 0 <a< 5/4, and with some y with 1 < |y| < 3/2], if5/4<a<2. oO 


Consider now d = 8, 12,24 and 28. Then the integers of Q(v4d) are of the 
form «+ yV/D with D =d /4 and x,y € Z. By Proposition 3.30 it suffices to 
find for every pair a,b of rationals a pair x, y of rational integers satisfying 


(a — «)? — D(b—y)"| <1. 
Choose y € Z with |b — y| < 1/2. Then 
D(b—y)? <D/4<7/4 and D(b—y)? 45/4, 


since D # 5. We may thus use Lemma 3.32 to obtain the required inequality. 
The remaining fields have integers of the form x+yw with w = (1+ Vd)/2 
(x,y € Z), and so we have to show that for every pair of rational a,b we may 
find z,y € Z with |(a — x — y/2)? — d(b— y/2)?| <1. 
Choose y € Z with |2b — y| < 1/2. Then d(b— y/2)? < d/16 < 29/16 and 
since d(b — y/2)? 4 5/4, because in case d = 5 we have d(b — y/2)? < 5/16, 
we may apply Lemma 3.32 as in the preceding case, O 


The natural question, whether a Euclidean algebraic number field must 
necessarily be norm-Euclidean has a positive answer in the case of imaginary 
quadratic fields, but in general this fails to be true. Clark [94] proved that 
Q(V69) is Euclidean, but not norm-Euclidean (cf. Niklasch [94]), and in Clark 
[96] he produced two examples of such cubic fields. 


Proposition 3.33. If K is an Euclidean imaginary quadratic field, then it 
is norm-Euclidean, hence is one of the fields listed in the Corollary to Propo- 
sition 3.30. 


Proof : Assume that |d(i)| > 11 and let p be an Euclidean norm in Rx. 
Choose t € Rx different from 0, +1 so that 


p(t) = min{p(z): « € Rx, x #0,+1}. 


Then for every b € Rx we can find g € Rx with b— qt € {0,+1}, whence we 
get Nx/g(t) < 3 by the Corollary to Proposition 2.13. 


Put 
He d(k)/4 if 4|d(), 
~ | d(kK) otherwise, 
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and observe that if D # 1(mod 4), then t = x + yVD with z,y € Z, and 
because |d(K)| > 11 implies |D| > 3, hence x? + |D|y? < 3 can happen only 
if D = —3 = 1(mod 4), contradiction. 

Similarly, if D = 1(mod 4), then t = (2 + yVD)/2 with x,y € Z of the 
same parity. If x and y are both even, then the preceding argument leads to 
a contradiction. If x, y are both odd, then 


12> Nx/g(z+yVD) = 2? + y?|D| > 1+|DI, 


and so |d| = |D| < 11, again giving a contradiction. Oo 


In Chap. 4 we shall prove that the field Q(./—19) has class-number 1, 
and so its ring of integers is an example of a Dedekind unique factorization 
domain which is not Euclidean. 

To conclude this chapter we prove a result which in the case of rings of 
integers goes back to Dedekind [31], and was obtained in its most general form 
by Hasse [28]. It gives a sufficient condition for a domain to be a principal 
ideal domain. In the case of Dedekind domains this condition is also necessary, 
and hence leads to another characterization of fields with trivial class group. 
We have included this result in the section dealing with Euclidean rings, since 
there is a formal resemblance between the conditions of the theorem and the 
definition of euclidicity. 


Theorem 3.34. (i) Let R be an integral domain and assume that there is a 
function f defined in R with values in the set of nonnegative integers such 
that 

(a) f(x) =0 holds if and only if x = 0, 

(b) If0 < f(y) < f(x) and y{ 2x, then for suitable a,b € R one has 


0 < f(ax — by) < f(y). 


Then R is a principal ideal domain. 


(ii) If R is a Dedekind domain with trivial class group, then there exists 
a function f, satisfying f(xy) = f(x) f(y) and the conditions (a) nd (b). 


Proof : (i) Assume that f satisfies (a) and (b), and let I be a non-zero ideal 
of R. Choose y € I with minimal positive value of f, and let x € I be non- 
zero. Then 0 < f(y) < f(x), and if y would not divide x, then by (b) there 
would exist a,b € R with 0 < f(ax — by) < f(y), contrary to the choice of y, 
since ax — by lies in J. Hence x = ry with some r € R, and we see that I is 
principal, generated by y. 

(ii) If R is a Dedekind domain with trivial class-group, then put f(0) = 0, 
f(u) = 1 for all invertible elements u € R and f(m) = 2 for elements 7 
generating prime ideals. Extending f to all R by multiplicativity we get a 
function satisfying the conditions (a) and (b) in part (i). Oo 
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Corollary. An algebraic number field K has a trivial class group if and only 
if the function f(x) = |Nx/Q(x)| satisfies the condition (b). 


Proof : The sufficiency follows immediately from the theorem, since f ob- 
viously satisfies the conditions (a) and (b), To prove its necessity put 
f(x) = |Nx/Qq(x)| and assume that z,y € Rx satisfy 0 < f(y) < f(x) 
and y { x. The ideal xRx +yRx is principal, equal to zRx, say. Then y = rz 
with some r € Rx which is not invertible, because otherwise we would have 
y|z which in view of z|z would give y|x, contrary to our assumption. There- 
fore f(z) < f(y). Moreover with suitable a,b € Rx we have ax — by = z and 
so we get 


0 < f(ax — by) = f(z) < fly), 


as asserted. O 


3.5. Notes to Chapter 3 


1. It has been assumed for a long time that the theory of ideals in rings of 
integers owes its existence to the unsuccessful attempts of Kummer to prove 
Fermat’s Last Theorem in its full generality. Later research however has shed 
some doubt on this story, and now it seems more likely that Kummer’s work 
on ideal numbers, which led later Dedekind to introduce ideals, has been 
motivated by his research concerning reciprocity laws for power residues. See 
Edwards [77] and Neumann [81a] on this topic. 

Ideal numbers, whose purpose was to restore unique factorization in rings 
of algebraic integers were introduced by Kummer [47a,b] in case of integers 
of Q(¢,) with prime p. He did the same for arbitrary cyclotomic fields in [56] 
and for fields Q(¢,, a), called now Kummerian, in [59]. For subfields of cy- 
clotomic fields this theory was developed in Fuchs [63], [66]. Kummer’s ideal 
numbers lay outside the considered field K, but, adjoined to it, provided a 
set of numbers closed under multiplication and having the unique factoriza- 
tion property. In modern language these numbers correspond roughly to the 
ideals of Rx. In the set of ideal numbers Kummer introduced the notion of 
equivalence, and was led in this way to the class-number of cyclotomic fields. 

Modern treatment of ideal numbers was introduced by Hecke [18], and 
is still used in certain parts of the analytic theory of algebraic numbers. See 
Albu, Nicolae [95] for the proof of Hecke’s assertion that the adjoining of all 
ideal numbers to a field K leads to its extension of degree h(K). 

Ideal theory in rings of integers was created by Dedekind [71]. His method 
was applicable in a uniform way to all algebraic number fields, and this was its 
advantage over Kummer’s approach. Other proofs of Dedekind’s fundamental 
result, the unique factorization theorem for ideals, were later supplied by 
Kronecker [82] and Hilbert [94b]. 
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Kronecker [82] founded his theory of algebraic numbers on the theory 
of forms. Its outline may be found in Hilbert [97] and H.Weber [96b]. Kro- 
necker’s theory had a much better reception than that of Dedekind, although 
Kronecker’s paper was rather difficult to decipher, whereas Dedekind wrote 
very clearly. Modern expositions of Kronecker’s theory were given in Del 
Corso [95], Edwards [90], Flanders [60], Wey] [40]. For Dedekind’s comments 
on Kronecker’s approach see Edwards, Neumann, Purkert [82] (cf. Edwards 
[80],[83]). Kronecker’s theory can be translated into the language of ideals 
by associating with every form F' the ideal generated by its coefficients, the 
content of F. An axiomatic characterization of the content of a form was 
given in Krakowski [65]. Cf. Dedekind [92], Hurwitz [94], [95a], Mertens [94]. 

Some ideas of Kronecker were developed by Hensel, who introduced p-adic 
numbers and used them for studying algebraic number fields. See Chap. 5 for 
more details. 

Another approach was adopted by Zolotarev [80]. It is based on the notion 
of p-integral numbers, and is closely related to Hensel’s p-adic method. For 
its exposition see Chebotarev [30], [37a], [47]. 

A method based on a kind of ideal numbers determined by infinite sys- 
tems of linear congruences, every finite subsystem of which is solvable was 
introduced by Priifer [25] (see also von Neumann [26]). 

The method of Krull [51] was based on the consideration of homomor- 
phisms of the multiplicative group of a field into free Abelian groups. A fresh 
exposition may be found in Borevich, Shafarevich [64]. See also Frey, Geyer 
[72], Koch [66], Skula [70]. 

The theory of infinite algebraic extensions of Q was initiated by Stiemke 
[26] and Krull [28b,d], and developed in Gut [37], Herbrand [31c], [32b], 
Moriya [34], Scholz [43]. 


2. Theorem 3.1 is due to Ktirschak [13], and Theorem 3.3 to Ostrowski (the 
Archimedean case in [18] and the non-Archimedean case in [35]). Cf. Artin 
[32b], Mac Lane [36]. For a constructivistic approach see Mines, Richman [81], 
[84]. The importance of the product formula (Theorem 3.5) was stressed by 
Artin and Whaples [45], [46], who used it for an axiomatical characterization 
of algebraic number fields, and also for developing anew the fundamental re- 
sults of this their theory, including Dirichlet’s unit theorem and the finiteness 
of class number. 


3. The notion of an ideal class is essentially due to Kummer [47b] in the 
case of cyclotomic fields. In the case of quadratic fields it is closely connected 
with the equivalence classes of binary quadratic forms over Z of a given 
determinant under the action of SL(2,Z), which were studied already by 
Lagrange [73] and Gauss [01]. We shall establish this relation in Chap. 8. 

Ideal classes mod I were introduced by H.Weber [97], and ideal classes 
in the narrow sense, forming H7(K), by Landau [18b]. Theorem 3.25 is due 
to them. 
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The class-number can be also defined in terms of matrices (Chatelet [11], 
Hurwitz [95b]). There are several relations between matrix theory and the 
theory of algebraic numbers. On this topic see Bennett [23], Bhandari, Nanda 
[79], Chatelet [11], Faddeev [74], Latimer, McDuffee [33], Taussky [49], [51], 
[57], [60], [62], [77a], [80], Taussky, Todd [40]. It has been proved in Bass, 
Milnor, Serre [67] that for n > 3 every element of the group SL,(Rx) can be 
written as a product of elementary matrices. Under the assumption of GRH 
Cooke and Weinberger [75] proved the existence of a bound for the number of 
necessary factors, depending only on n, in the case when K is not imaginary 
quadratic. This number has been later shown, without using GRH, to be 
bounded by (3n? — n)/2 + 68w(d(K)) —1 in all cases (Carter, Keller [83}). 


4. The finiteness of the group H(K) (Theorem 3.7) in the quadratic case goes 
back essentially to Lagrange [73], who studied classes of binary quadratic 
forms. In the cubic case it was established by Eisenstein [44b], who also used 
the language of forms. For cyclotomic fields it was proved by Kummer [47b], 
[56], and the general case is due to Dedekind [71] and Kronecker [82]. We 
presented the proof of Minkowski [91a]. Other proofs were given in Artin, 
Whaples [45], Hurwitz [95c], Mahler [64]. A proof in which H(K) is shown to 
be at the same time a continuous image of a compact group and a discrete 
group can be found in Cassels, Fréhlich [67]. 

It is not known, whether every finite Abelian group can serve as H(i) or 
H*(K) for suitable field K. In Chap. 8 we shall present a result of S.Chowla 
[34b] which shows that the answer is negative, if one restricts K to be 
imaginary quadratic (see Corollary to Proposition 8.24). Chowla’s proof is 
not effective, but Shanks [69] showed that for such fields one cannot have 
H(K) = Cp ® Cp with p = 5, 7 or 11. It is known (Perret [99]) that every 
finite Abelian group is isomorphic to H(Ksg) for suitable K and S. For the 
structure of the group of ray classes see Stevenhagen [94b], H.Cohen, Diaz y 
Diaz, Olivier [98a]. 

Frohlich [62a] and Hasse [69d] showed that every finite Abelian group A 
is a homomorphic image and also a subgroup of H(K) for infinitely many 
fields K (cf. Frey, Geyer [72]). This was strengthened by Cornell [71], who 
proved that one can always choose K to be cyclotomic. It was shown in Sonn 
[83] that every such A is a direct summand of H(K) infinitely often, and in 
Yahagi [78] it has been proved that if A is a p-group, then it is the Sylow 
p-subgroup of a H(K) for a suitable cyclic K/Q. See also Gerth [75b], Iimura 
[81a], Yamamura [91]. 


5. Lemma 3.8 is due to Minkowski [91a] (cf. Minkowski [96a], [07]). If we 
denote by C(ri,r2) the lower bound of numbers C’ with the property that 
for every field of signature [r1,7r2] each class of H(K) contains an ideal with 
norm not exceeding C|V/d|, then for sufficiently large r; + 2r2 one has 


C(ri,r2) < a T/24-72 
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with a = 50.7 and 6 = 19.9, as shown by Zimmert [81]. For an improvement 
in the case of small degree see Maza [02]. 

For cubic fields Minkowski’s bound was improved in Delaunay, Faddeev 
[40], and for certain quartic fields in Lubelski [60] (see also Lemmermeyer 
[97b]). On the other hand for quadratic fields K we have 


VD 


N(I) > B———, 
2 log Dlog log? D 


max min 

X€H(K) [eX 

where D = |d(K)|, and B,T are positive numbers, depending only on h(K) 

(Anfert’eva, Chudakov [64], [70]). Generalizations of Lemma 3.8 to other base 
fields were given in Kuroda [62], Lakein [69], Mordell [69], Nymann [67]. 

An algorithm for the computation of h for real quadratic fields with ex- 
pected running time of order O(d'/5+*) gave Srinivasan [98]. Unfortunately, 
the involved constant is not effective. 

The exponent of the class-group of pure cubic number fields of the form 
Q(V1+.a%) and Q(8.) (with 6? = a6? + 1) was considered by Louboutin 
[99c], who proved that under GRH it tends to infinity in both cases and 
determined all fields Q(W/m3 + 1) with exponent < 2. All fields Q(W/m3 +r) 
with m > 1, r|3m? and h = 1 were found in Byeon [96]. A table of the 2- 
ranks of H(K) for non-cyclic cubic fields with |d(K)| < 10° was computed 
in Schneiders [97] (there is only one such field with 2-rank equal to 7). 

A sufficient condition for h = 1 in totally real fields gave Byeon [01a]. 

The class numbers of quintic fields with small discriminants were com- 
puted in Pohst, Wildanger [98]. 

A bound for the smallest norm of an element in a residue class mod I was 
obtained by Davenport [52] (cf. Egami [80], Rieger [58d], Tatuzawa [73a]). 


6. Algebraic units appears first in Gauss [32] in the case K = Q(i). The 
general notion was worked out at the same time as that of an integer. The 
main result of the theory of units, Theorem 3.13, was proved by Dirichlet? [46] 
for the units of Z[a], with an integer a, however his argument can be easily 
extended to cover the general case. Earlier, in [40], he showed that in case 
ri(K) > 1 there are infinitely many units, and in [41c] the cubic case was 
treated (cf. Bachmann [64]). In the special case K = Q(¢,), with prime p, 
Theorem 3.13 was proved independently by Kronecker [45a], [83],[84]. Other 
proofs can be found in Artin, Whaples [45], Hermite [50], Iwasawa [53al, 
Minkowski [96a], van der Waerden [28]. An elementary proof in the case of 
pure cubics appears in Christofferson [57]. 

The more general Theorem 3.12 was first published in Chevalley [40]. For 
another proof see Mahler [64], and for generalizations and analogues see Bass 
[66], May [70], Roquette [57], Samuel [66]. 


’ According to Minkowski the idea of the proof occurred to Dirichlet during an 
Eastern concert in the Sistine Chapel. 


3.5. Notes to Chapter 3 123 


An effective procedure determining a system of fundamental units is given 
in H.Cohen [93] and Pohst, Zassenhaus [89]. See also Avanesov [79], Benson, 
B.T.Weber [73], Pohst [94], Pohst, Weiler, Zassenhaus [82], Pohst, Zassenhaus 
[77], [82], Rudman, Steiner [78], 

The last part of Proposition 3.11 is due to Ore [24]. The Corollary to 
Lemma 3.15 gives in the case of totally real K certain information about the 
action of the unit group on R” (with n = [K : Q)) defined by 


UWB, sag Bn SALI) Ovens Plan) 


for u € U(K). This induces an action of Ut(K) on the cone in R” consist- 
ing of elements with non-negative coordinates. The fundamental domain for 
this action was determined by Shintani [76b], who in [81] carried out this 
construction for fields of arbitrary signature. 

Theorem 3.13 shows that the group U(K) is finitely presented. Zassenhaus 
[72] obtained the same assertion for the group of units of any commutative 
ring with unit, whose additive group is isomorphic to Z” with some n. Skolem 
[48] deduced from Theorem 3.13 that the multiplicative group K* is the 
direct product of E(K) and a free Abelian group with denumerably many 
free generators. This was extended by Schenkman [64], who proved that the 
multiplicative group of the field generated by all algebraic numbers of degree 
<n, is a direct product of cyclic groups. This implies that every multiplicative 
group generated by a set of algebraic numbers of bounded degree is a product 
of cyclic groups. For the case of infinite extensions see Iwasawa [53c], Horie 
[90]. It has been proved in Brandis [65] (see also Brown [87], Samuel [71]) 
that if K Cc L and K # L, then the factor-group L*/K* cannot be finitely 
generated. 

If R C S are orders in Rx, then the index [U(S) : U(R)] is finite. A bound 
for this index was given in Wolfskill [95],[97]. 


7. Units of real quadratic fields. It is clear that every result about the Pellian 
equation X?— DY? = +4 gives some information about units in real quadratic 
fields. This permits us to treat, Lagrange [66] as the author of Theorem 3.13 
in this case. For a survey of older results on the Pellian equation the reader 
should refer to Chap. XII of Dickson [19]. 

For certain classes of fields explicit formulas for the fundamental unit are 
known. The first such formulas were obtained by Richaud [66] and rediscov- 
ered later by Degert [58]. They considered square-free D = n?--r (-n <r<n 
and r|4n) and showed that the number 


n+VD ifr =+1,D45, 
€= 4 (n+ VD)/2 ifr = +4, 
(2n?++r+2nV/D)/|r| ifr A+1,+4 


is the fundamental unit of the field Q(VD). Such fields are now called 
Richaud-Degert fields. For similar results see Azuhata [84], Bernstein, Hasse 
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[75], Kutsuna [74], Nakahara [70], Neubrand [81], Nordhoff [74], Uehara [83], 
Yokoi [68a], [70a]. 

The first tables of minimal solutions of Pellian equations were published 
by Legendre [98], Degen [17], Bickmore [93], Whitford [12], covering jointly 
the range [2, 1700] (see Lehmer [26] for a list of errors). With the advent of 
computers the determination of such solutions as well as of fundamental units 
of quadratic fields became an easy task, at least for not too large values of 
D. 

For asymptotical results dealing with fundamental solutions of the Pellian 
equation the reader should consult Hooley [84]. 

Several authors have studied the sign of the norm of the fundamental unit 
e of a real quadratic field K, trying to express it in terms of various invari- 
ants of K, since it dependence on the parity of the period of the continued 
fraction given in Theorem 3.19 is not very useful. A quick algorithm for the 
determination of this sign appears in Lagarias [80a]. In a series of papers 
Rédei ({35], [38], [53]) used class-field theory to deduce a necessary and suffi- 
cient condition for Nx,/g(e) = —1 (cf. Morton [79]). For various sufficient or 
necessary conditions see Brown [83], Epstein [34], Jensen [62], v.Lienen [78], 
Pall [69], Perott [88], Pumpliin [68], Scholz [35], Tano [89]. 

An interesting relation between signatures and residue classes mod 4 of 
units, and, more generally, of integers a, prime to 2, was discovered by La- 
garias [78]. He observed that if d(K) is a sum of two squares, then a mod 4 
determines the signature of a, Sunley [79] proved that the same holds for all 
totally real fields K with odd h*(K), and Lagarias [80b] proved that a totally 
real field K has this property if and only if the 2-ranks of H(K) and H*(K) 
coincide. Cf. Haggenmiiller[82]. 

Recall that the n-th Bernoulli number B,, is defined by 


t ene a: 
= B,—. 
et —1 a "nl! 


It has been established by Ankeny, Artin and Chowla [52] that if p = 1 
(mod 4) is a prime, (T+ U,/p)/2 is the fundamental unit and A the class- 
number of Q(,/p), then 


Uh 
ae = Bwp-1)/2 (mod p), 


and they conjectured that p { U. This has been checked for p < 10" (van 
der Poorten, te Riele, Williams [01]). It is known that it is equivalent to 
pt Biwp—1)/2 (Mordell [60a] for p = 5 (mod 8), Ankeny, Chowla [62] in the re- 
maining case). Generalizations of the Ankeny-Artin-Chowla conjecture were 
given in Jakubec [96b], H.Lang [73b], Mordell [60a], Slavutskii [65a]. 

It has been observed in Sprindzhuk [74a] that if E(x) denotes the number 
of fundamental units € of all real quadratic fields, lying in the interval (1, 2), 
then 
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[log a] 


E(x) =2 > p(k)at/* + O(log 2). 
k=1 


8. Cubic units. A theory of units in cubic fields was outlined by Hermite in a 
letter to Jacobi (Hermite [50]). His ideas were used for the actual construction 
of units by Zolotarev [69] in the case of pure cubic fields. The general case 
was treated by Voronoi [96]. See Delaunay, Faddeev [40] for a presentation 
of Voronoi’s approach. Cf. also Brentjes [81]. In certain cases one can obtain 
fundamental units with the Jacobi-Perron algorithm, which goes back to 
Jacobi [68] and Perron [07]. On this subject see Bernstein [71]. 

Other methods, algorithms and explicit formulas for certain classes of cu- 
bic fields may be found in Appelgate, Onishi [82], Arwin [29], Avanesov, Bille- 
vich [81], Bergmann [66b,c], Berwick [13], [32], [34], Billevich [56], Brunotte, 
Halter-Koch [79], [81a], Bullig [36], [38], Cusick [82], [84b], Endé [78], God- 
win [60], [84], Giiting [77], Hasse [48a], Ishida [73], Minkowski [96b], Morikawa 
[74], Rudman [73], Steiner, Rudman [76], Stender [69], [72], [75], [77], Vel’min 
[51], Vulakh [02], Watabe [83], H.C.Williams [76], [80], [81b], Williams, Cor- 
mack, Seah [80], Yokoi [74]. In Thomas [79] and Grundman [95] units of 
subrings of Rx were constructed. 

Tables of cubic fields were provided by Llorente, Quer [88b] and Fung, 
Williams [90], covering fields with discriminants in the range [—10®, 10”]. 


9. Methods of finding fundamental units in various classes of quartic fields 
were given in Amara [81], Berwick [32], Frei [81a], [82], Hasse [48a], Kuroda 
[43] (cf. Kubota [56b]), Levesque [81], [82], Nagell [62], R.Scharlau [80], 
A.Stein [27], Stender [73], [75], [77], [78], [83], Wada [66], and for sextic fields 
in Bergmann [65], Frei [81b], Hasse [48b], Iimura [80], Maki [80], Nakamula 
[79], Setzer [78], Stender [74], [75], [77], [78]. 

For other classes of fields see Bernstein [75a,b], [77], [78a,b], H.Cohn [76], 
Frei, Levesque [79], [80], Greiter [80], Halter-Koch [75], [82], Halter-Koch, 
Neubrand [78], Oozeki [78], [79], Stender [74],. 


10. Proposition 3.20 is due to Remak [52]. Several other characterizations of 
C'M-fields were given in Gyéry [75]. Theorem 3.21 was in the case K = Q(¢,) 
with prime p stated by Kummer [50a] and proved by him in [51]. Another 
proof in this case appears in MacCluer, Parry [75]. The general case is due 
to Latimer [34] (cf. M.J.Weiss [36]). Theorem 3.22 is due to Dénes [51] and 
the presented proof appeared in MacCluer, Parry [75]. The assumption of 
normality in this theorem is not necessary, as shown in Parry [75a]. Lemma 
3.23 for K = Q(¢,) was proved by Kummer [51]. The Galois groups of normal 
closures of CM-fields were considered by Dodson [84], [86], who observed that 
the theorem of Shafarevich [54] on solvable groups implies that every solvable 
finite group, containing an element of order 2 in its center, is the Galois group 
of a CM-field. 
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Theorem 3.25 shows that a real field K has totally positive fundamental 
units if and only if h*(K) = 2"!~'h(K). See Armitage, Frohlich [67], Tay- 
lor [75]. For the Corollary 4 to Theorem 3.25 see Kaplan [74]. A sufficient 
condition for the existence of units of all signatures was given by Neumann 
[77]. By the Corollaries 2 and 3 to Theorem 3.25 this occurs for a totally real 
field if and only if U+(K) = U?(K). For the maximal real subfield of the 
cyclotomic field Q(Gn) (with m # 2(mod 4)) this happens in the case when 
m is a prime power (Garbanati [76]). For prime m this is due to Kummer [70] 
and for m = 2* to H.Weber [96b]. Cf. Armitage, Frdhlich [67], Hasse [52a], 
Hughes, Mollin [83]. 

The results of Berwick [32] imply that every totally real cubic field has a 
fundamental system of units formed by PV-numbers, and Zlebov [66] showed 
that the same applies to all real fields. Cf. Brunotte, Halter-Koch [81b]. 


11. Theorem 3.26 is due to Minkowski [00] (in the special case K = Q(¢,) it 
appears already in Kummer [51]). It was later extended by Herbrand [30b], 
[31b] to relative extensions. A simplified proof of Herbrand’s result was given 
by Artin [32a], and a further generalization appears in Lednev [39]. It has 
been proved by Latimer [34] that a cyclic field has a strong Minkowski unit if 
and only if certain ideal in a matrix ring is principal. Theorem 3.28 appeared 
explicitly first in Zeinalov [65] (for p = 3 this was shown in Delaunay, Faddeev 
[40]), but it lies hidden already in Latimer [34]. Brumer [69] proved that it 
suffices to assume in it that all ideals of norm h(K) in Q(¢,) are principal. 
See Gillard [80a] for a generalization. 

Marko [96] established the existence of Minkowski units in real cyclic fields 
of degrees 4, 6 and 10, but note that a real cyclic quartic field may not have a 
strong Minkowski unit, as the example K = Q(./65 + 2/5 ) (Bouvier, Payan 
[75]) shows. It was proved by N.Moser [83] that every imaginary dihedral 
extension of Q of degree 2p (with prime p) has a Minkowski unit. We shall 
prove her result in Chap. 7 (see Theorem 7.25). For other classes of fields no 
such complete results are known. Cf. Latimer [34], N.Moser [79a], Payan [81], 
M.J.Weiss [36]. 

The action of Galois group G on U(K) was studied for certain Abelian 
groups in Bouvier, Payan [75], [79], Duval [81], Hasse [48b], Pollaczek [29], 
Setzer [78], [80b], and for some non-Abelian groups in Halter-Koch [78a], 
Jaulent [79], N.Moser [78], [79a,b], Nakamula [82a]. Most of theses papers 
contain conditions for the existence of a Minkowski unit. For the existence of 
a conjugated system of generators in U+(K) see Hasse [48a], Morikawa [68]. 

A new approach to study the Galois structure of the unit group was 
introduced by Chinburg [83b], [84], [89] and the resulting development was 
subsumed in the book of A.Weiss [96]. For further progress see Burns [95b], 
Burns, Holland [97], Greither [96] (where one of Chinburg’s conjectures was 
establishes for Abelian fields with odd conductor), Ritter, A.Weiss [97]. 
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12. Denote by K,, the n-th cyclotomic field, i.e. Kn = Q(¢,), with ¢, being 
an n-th primitive root of unity. If p is an odd prime, then the subgroup of 
U(K,) generated by all units of the form (¢¢—1)/(¢8—1) with 1 <a,b<p-1 
is called the group of cyclotomic units. We shall denote it by C(K,). It has 
been shown by Kummer [50a,b], [51] that the index of C(K,) in U(K,) is 
equal to h(K;}) (cf. Hilbert [97, Satz 142], S.Lang [78], [82], Washington [82}). 
A way of computing the minimal polynomial for cyclotomic units was shown 
in Gurak [82]. 

Cyclotomic units were defined also in other Abelian fields and this led to 
an exact analogue of Kummer’s index formula for cyclotomic fields Kp, when 
p” is a prime power. There are actually two definitions of cyclotomic units for 
Abelian fields which agree in the fields Kn». According to the first, the group 
of cyclotomic units Co(K) of an Abelian field K equals the intersection of 
U(K) with the group generated by roots of unity of order f, where Ky is the 
minimal cyclotomic field containing K (such field exists by the Kronecker- 
Weber theorem which we shall prove in Chap. 6) and by 1—¢# (2 <a< 
f —1).This definition is commonly used for cyclotomic fields. The second 
definition, used for non-cyclotomic Abelian fields, states that the group C(K) 
of cyclotomic units is the intersection of U(K) with the group generated by 
—1 and all numbers of the form Nx, /1,,(1—¢f) with n = 2,3,..., n{ a, and 
L, = K 1 K,. The index of C(K) and Co(K) in U(K) has been computed 
by Sinnott [78], [80] (see also Dohmae [97], Kuéera [97]). In Hasse [52a] still 
another definition of the group of cyclotomic units was used, leading to a 
finite index only in the case of Ky», in which case it coincided with C(K pn). 
Its rank has been computed in Feng [82a]. 

For the structure of the p-Sylow group of U(K)/C(K) in case when K is 
real and p{ [K : Q] see Gillard [77], G.Gras [77a,b], Greenberg [75], Mazur, 
Wiles [84]. The conjecture of G.Gras [77b] that in this case the p-components 
of the groups U(K)/C(K) and H(K) have isomorphic compositions series has 
been established by Wiles [90a] (cf. Kolyvagin [90], Kuzmin [96]). 

Analogues of cyclotomic units in Abelian extensions of imaginary quadra- 
tic fields are provided by elliptic units, defined with the use of singular values 
of modular functions. They were introduced by Robert [73], but in special 
cases they appeared already in Fueter [10], Siegel [61] and Novikov [67]. For 
their properties and applications see Coates, Wiles [78], Gillard [79a,b,cl, 
[80a,b], Gillard, Robert [79], Kersey [80], Kubert, Lang [79], [81], Nakamula 
[82b], [85a,b], [89], Robert [78], [79]. 


13. If a,b € Rx generate the unit ideal, then for infinitely many integers x 
(not necessarily lying in K) the number az +b is a unit (see Chabauty [38}]). 
A similar result holds also for polynomials in several variables over Z (Skolem 
[35]). Cf. Cantor, Roquette [84], Jacobsthal [13], Dade [63], Lagarias, Lenstra 
[81]. 

It has been shown by Cooke, Weinberger [75] (see also Lenstra [77b]) that 
if K is not imaginary quadratic, then GRH implies that for infinitely many 
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prime ideals p every non-zero residue class mod p contains a unit, ie. one 
has &(I) = W(J), In the case of real Abelian fields this has been established in 
Narkiewicz [88] unconditionally, with possible exception of at most two fields 
of degree < 3. The value of &(I)/~(I) was studied under the assumption of 
GRH for real quadratic fields in Chen, Kitaoka, Yu [00] (cf. Ishikawa, Kitaoka 
[98]), and for cubic fields in Kitaoka [01]. 


14. A solution of the equation 
Q1X1, +++ + Ann =b (3.7) 


with b ~ 0,a4,...,@, is called non-trivial, if none of the subsums of the 
left-hand side vanishes. In the case n = 2 and b = 1 it follows from re- 
sults of S.Lang [60] and Lewis, Mahler [60] that there are only finitely many 
solutions of (3.7), and an explicit bound for the number of solutions, inde- 
pendent of a1, a2, was in this case (also for S-units) obtained in Evertse [84], 
(cf. Beukers, Schlickewei [96], Bombieri, Mueller, Poe [97], Evertse, Gyéry 
[85]). Later it has been shown that a similar bound holds for non-trivial solu- 
tions in the case of arbitrary n and non-zero b (Schlickewei [90]. Cf. Bugeaud, 
Gyéry [79b], [96a], Evertse, Gyéry [88a], Evertse, Schlickewei [02], Evertse, 
Schlickewei, W.M.Schmidt [02], van der Poorten, Schlickewei {91]). The ob- 
tained bounds are exponential in #S + [K : Ql], and it is known that there 
cannot exist a polynomial bound (Erdés, C.L.Stewart, Tijdeman [88], Ev- 
ertse,Moree, C.L.Stewart, Tijdeman [03]). However, in the case n = 2 for 
the majority of numbers a1,a2,b there are at most two solutions (Evertse, 
Gyory, C.L.Stewart, Tijdeman [88a]) (cf. Gyéry [79b]). Algorithms for finding 
all non-trivial solutions in case n = 2 were given in Smart [99] and Wildanger 
[00]. 

Bounds for the number of non-trivial solutions of (3.7) in the case, when 
Q1,..-,@, are arbitrary complex numbers and the z;’s are roots of unity 
were obtained in Schlickewei [96] and Evertse [99]. For the case of rational 
or algebraic coefficients a; see Conway, Jones [76], Mann [65], Schinzel [88], 
Zannier [89]. 

Units u € Rx for which 1 — u is also a unit were called exceptional units 
by Nagell [69b]. There are only finitely many such units in any K, since they 
are solutions of (3.7) in the case n = 2. This follows already from a result of 
Siegel [21a; Satz 10] (cf. Nagell [64b]). Exceptional units in quadratic, cubic 
and certain quartic fields were determined in Nagell [59], [60], [64b], [69a,b] 
(cf. Chowla [61a]). Cubic fields containing exceptional units were studied in 
Ennola [91] and for quartic fields see also Niklasch, Smart [98]. Upper bounds 
for the number of exceptional units in a given field were obtained in Gyéry 
[73], Evertse [84] and Niklasch [97]. It has been proved in Nagell [69a] that for 
every n > 5 there exists a field of degree n having at least 6n — 9 exceptional 
units. Fields with many exceptional units were considered in Grant [96]. For 
a survey on linear unit equations see Evertse, Gyéry, C.L.Stewart, Tijdeman 
[88]. 
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Other unit equations were considered in Chabauty [37], Ennola [73b], 
(75b,c], Grossman [76], [77], Kostra [94], Loxton [74b], Mahler [50], Mordell 
[63], Newman [71], [74a], [90], [93], Pethd [93], Siegel [21a], Silverman [95], 
Watabe [82]. 

Define L(K), (the Lenstra constant) (Lenstra [77a]) of K, as the largest 
integer M such that there exist M distinct integers of kK, whose all non-zero 
differences are units. Since these integers must be distinct mod 2 it follows 
that if K is of degree n, then L(K) < 2" = Nx/Q(2). It has been shown in 
Gyéry [95] that the maximal number of units of degree n, whose all non-zero 
differences are also units, does not exceed exp(36n?"t*). 


15. Evaluations of the regulator. The first general upper bound for R(K) was 
obtained by Landau [18d], who proved 


R(K) =O (vD log”? D) , 


where n = [K : Q| and D = |d(K)| (see Corollary 4 to Theorem 7.3). See 
also Landau [18a], Remak [31], Siegel [69a]. For a similar result dealing with 
the class-number and regulator of orders see Sands [91]. 

Evaluations of the product R(K)h(K) will be considered in Chap. 8. 

Lower bounds for R(K) were first established by Remak [31], [32], [52], 
[54]. who showed that for totally real K one has R(K) > 107%. A substantial 
improvement in this case was made by Pohst [77], who got R(K) > 0.315, 
and, for sufficiently large n = [K : Q|, R(K) > exp(4n/5). For cubic fields 
see Cusick [84a]. For arbitrary K one has R(K) > 0.2052... (Friedman [89]) 
and this bound is optimal. Quartic fields were considered in Cusick [84a] and 
Nakamula [96]. In the general case one has 


R(K) > e1(n) (c2(n) log(|d(K))))"—” , 


where r = r(K), r’ is the maximal unit rank of proper subfields of K and 
c1(n),c9(n) are positive. This was established by Silverman [84], who con- 
jectured that the exponent of the logarithm in this formula is optimal (cf. 
Uchida [94]. For lower bounds for R(4) depending only on the signature of 
K see Zimmert [81], Skoruppa [93], Slavutskii [92]. The last author obtained 


R > 0.0001w exp(0.8171 + 0.57r2), 


with w = #E(K). 

For lower bounds for the ratio R(L)/R(K) in case K C L see Bergé, 
Martinet [89] and Costa, Friedman [93]. 

Upper bounds for the number of fields of a given degree, satisfying R(K) < 
x were obtained in Sprindzhuk [74b]. 

Regulators for quintic fields of small discriminants have been computed 
in Pohst, Wildanger [98]. 
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For real quadratic fields the regulator equals loge, where € > 1 is the 
fundamental unit. It has been established by Lavrik [70] that for every 6 > 0 
and sufficiently large d = d(K) one has 

1 
loge < WK) (.263 + 5)Vdlog d. 
Earlier Y.Wang [64] proved loge < (.25 + 6)V/dlog d, which is slightly better 
than Lavrik’s result in the case h(f) = 1. For earlier bounds see Chowla 
[64], Hua [42], Perron [14], Remak [13], Schmitz [16] and Schur [18b]. See 
also J.H.E.Cohn [77], Stephens [72], Takaku [71], Yokoi [70b]. On the other 
hand, for infinitely many d one has loge > Blog* d with a certain positive B 
(Halter-Koch [89]. See also Reiter [85], Yamamoto [71]). 


16. Proposition 3.33 in the case of the field Q(z) goes back to Gauss [32]. 
The Euclidean algorithm can be used, as in the case of rational integers. 
to determine the greatest common divisors of two integers. The number of 
steps in Euclidean algorithm in norm-Euclidean imaginary quadratic fields 
was dealt with in Baldisseri [75] and Rolletschek [86]. 

Dickson [23a] showed that real quadratic fields K with d(K) = 5,8,12 
and 13 are norm-Euclidean and asserted that there no other such fields. This 
was shown to be false by Perron [32], who proved Theorem 3.31, and showed 
that Q(V44) also is norm-Euclidean. Later the list of real quadratic norm- 
Euclidean fields was extended to contain also fields with discriminants 33, 
37, 41, 57, 73, and 76 (Berg [35], Hofreiter [35], Oppenheim [34], Rédei [41], 
Remak [34]), A uniform proof that all these fields are norm-Euclidean was 
given in Varnavides [52]. 

The finiteness of the set of norm-Euclidean real quadratic fields was es- 
tablished in the case Q(,/p) with prime p by Erdés and Chao Ko [38], and by 
Heilbronn [38a] in the general case. The final step in showing that the above 
list of such fields is complete was made in Chatland, Davenport [50], after 
preliminary work of several authors, who covered various special cases. It has 
been observed in Arpaia [68] that every norm-Euclidean real quadratic field 
contains a subring which is not norm-Euclidean. 

Davenport [49], [50a] proved that there are only finitely many norm- 
Euclidean complex cubic fields, all satisfying |d(K)| < 64-107. He also proved 
(Davenport [50b]) the same assertion for totally complex quartic fields. They 
all satisfy |d(K)| < 230202117 (van der Linden [84b]). The finiteness of the 
set of norm-Euclidean cyclic cubic fields was established in Heilbronn [50] 
and this was generalized in Heilbronn [51] to cyclic fields of a fixed degree 
and prime-power discriminant. On the other hand Heilbronn [50] conjectured 
that there are infinitely many real non-cyclic norm-Euclidean cubic fields. 
The only norm-Euclidean pure cubic fields are Q(/D) with D = 2,3 and 10 
(Cioffari [79]) and there are only finitely many norm-Euclidean pure quartic 
and quintic fields (Egami [84], Lemmermeyer [89]). For norm-Euclidean cubic 
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fields see also Cavallar, Lemmermeyer [98], [00]. The maximal real subfields 
of Q(¢n) are norm-Euclidean for n = 16 and n = 32 (Cerri [00]). 

To find norm-Euclidean fields one usually applies geometrical methods. 
Lenstra [77a] used them to formulate arithmetical conditions for norm- 
euclidicity. Lenstra showed that if the Lenstra constant L(K) is large, e,g, it 
exceeds the Minkowski constant of K, then K is norm-Euclidean. This led 
to many new norm-Euclidean fields (Lenstra [77a,b], Leutbecher [85], Leut- 
becher, Martinet [82a,b], Martinet [79a], Mestre [81]). In 1985 one knew 576 
such fields (Leutbecher [85]), in 1995 already 743, the largest degree being 12, 
and Quéme [98] proposed a new algorithm for checking the norm-euclidicity, 
which led to more than 1200 new quartic, quintic and sextic norm-Euclidean 
fields. 

Constructive criteria for euclidicity were given in Rodosskii [80] and 
Motzkin [49]. If S' is a sufficiently large finite set of prime ideals of Rx then 
the ring Kg is Euclidean (O’Meara [65], Queen [73]). It has been proved in 
Gupta, Murty, Murty [87] that if K is real of degree n, #S > max{5,2n—1} 
and Kg is a principal ideal domain, then it is Euclidean. A similar result 
holds for complex fields, but one has to assume additionally that K contains 
sufficiently many roots of unity. If one assumes GRH, then this result is true 
if #S > 2 (Lenstra [77b]). This shows in particular that if K is not imaginary 
quadratic and h(K) = 1, then GRH implies the existence of an Euclidean 
algorithm in Rx (Weinberger [72a]). If K is a totally real quartic field, then 
one can obtain this unconditionally, provided that for some prime ideal p in 
Rx every invertible residue class mod p? contains a unit (Clark, Murty [95]) 
This theorem does not hold for imaginary quadratic fields, as can be shown 
by the example Q(\/—19) (Dubois, Steger [58], Lemmlein [54], Motzkin [49], 
K.S. Williams [75]). 

All Euclidean rings of the form Kg with #S < 2 were determined by van 
der Linden [84a]. 

A survey of Euclidean fields with an excellent bibliography gave Lemmer- 
meyer [95b]. 

A variant of of the euclidicity, called k-stage euclidicity was introduced by 
Cooke [76], who proved that if K with h(i) = 1 is not imaginary quadratic, 
then it is k-stage Euclidean for a certain k = k(K), and in Cooke, Weinberger 
[75] it was proved that under GRH one has k(K) < 4. For some fields this 
can be proved without assuming GRH (Clark [96]). 

Another generalization of Euclidean algorithm appears in Johnson, Queen, 
Sevilla [85]: A field K is called generalized Euclidean, if for a,b € Rx with 
b # 0 and principal (aRx,bRx) there exist g,r € Rx with a = qgb+r and 
INx/e(r)| < |Nx/q(b)|. They proved that there are only finitely many such 
fields of the form Q(,/p), where p = 1 (mod 4) is a prime and showed that 
for real quadratic fields K with 4|d(K), if K is generalized Euclidean then it 
is also norm-Euclidean, except for d(K) = 40. 
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Theorem 3.34 is in this form due to Hasse [28], and has been rediscov- 
ered several times. In the case of rings of integers it was obtained earlier by 
Dedekind [31] and Rabinowitsch [13]. 


EXERCISES 


1. Prove that a field K is a CM-field if and only if it is non-real, closed under 
complex conjugation s, and s commutes with all embeddings of K in C. 

2. Call two ideals I, J of Rx strongly equivalent if there exist non-zero a,b € Rx 
such that al = bJ and Nx /g(a/b) is positive. Prove that the resulting equivalence 
classes form a group under multiplication, and find a relation between its cardinality 
and h(K). 

3. (Skolem [48]) Prove that the multiplicative group of an algebraic number 
field equals the product of E(K) and a free Abelian group with denumerably many 
free generators. 

4. Determine the fundamental units of Q(V/17) and Q(vV19). 

5. (Yokoi [68a]) Prove that a real quadratic field K has a unit of negative norm 
if and only if K = Q(VD) where D is not a square, but D — 4 is a square of a 
rational integer. 

6. (Kronecker [57b]) Prove that every unit of a cyclotomic field K can be written 
as a product of a root of unity and a real unit, which may lie outside K. 

7. Let K/Q be a complex normal extension with Galois group G. 

(i) Prove that if g € G acts trivially on U(K)/E(K), then g is either the unit 
element of G, or equals the complex conjugation. 

(ii) Prove that if the complex conjugation acts trivially on U(K)/E(K), then 
it lies in the center of G. 

(iii) Prove that the complex conjugation acts trivially on U(K)/E(K) if and 
only if the extension Kt /Q is normal. 

8. (Garbanati [76]) Let L/Q be real Abelian and let Q Cc K C L. Prove that if 
U+(K) =U?(K), then Ut(L) = U?(L). 

9. Let QC K CL and assume that L/Q is Abelian. Prove that if Gal(K/Q) 
is isomorphic with the 2-Sylow subgroup of Gal(L/Q), then 


Nz/Q(U(L)) = Nx/Q(U(4)). 


10. Prove that an irreducible monic polynomial f € Z[X] is the minimal poly- 
nomial of an exceptional unit if and only if |f(a)| = 1 for a= 0,1. 


11. (Nagell) (i) Prove that if the field K des not contain ¢3, then the number 
of exceptional units in K is divisible by 6. 


(ii) Determine all exceptional units in quadratic fields. 

(iii) Prove that if K is a complex cubic field which has exceptional units, then 
either d(K) = —23, or d(K) = —31. 

(iv) Prove the existence of infinitely many cubic real fields having exceptional 
units. 

12. Prove that the Lenstra constant of a field of degree n cannot exceed 2”. 

13. Determine the Lenstra constant for quadratic fields. 
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14. Prove that for every n there exists a field of degree n in which there exists 
a unit u such that all numbers u+1,u+2,...,u+n-—1 are units. 


15. (Dress, Scharlau [82]) Let K bea totally real field. A totally positive number 
a € Rx is called indecomposable, if it is not a sum of two totally positive numbers. 


(i) Prove that up to multiplication by a totally positive unit, there are only 
finitely many indecomposable numbers in Rx. 


(ii) Determine the maximal norm of an indecomposable element in a real 
quadratic field. 


4. Extensions 


4.1. The Homomorphisms of Injection and Norm 


1. This chapter is devoted to the connections between arithmetic in an al- 
gebraic number field K and its finite extension L/K. Such an extension is 
called traditionally an absolute extension if K = Q, and is called a relative 
extension if kK # Q. The same applies to other notions which will arise in the 
sequel, and so we shall speak about, say, a relative discriminant of an exten- 
sion, whereas by the absolute discriminant we shall mean the discriminant 
d(k), defined in Chap. 2. 

The fundamental results of the theory can be proved in a more general 
setting, and in this chapter we shall work with an arbitrary Dedekind domain 
R having K for its field of quotients, L will be a finite separable extension 
of kK, and S will denote the integral closure of R in L. We assume also that 
the domain & has the (F'N)-property. By Theorem 1.20 the ring S$ is also 
a Dedekind domain, and S shares the (F'N)-property. We shall denote by 
G(K) and G(L) the groups of fractional ideals of R and S, respectively, and 
by I(k), I(L) the semigroups of non-zero integral ideals, i.e., of ideals of R 
and S in the usual sense. In the sequel the zero ideal will be disregarded, and 
in particular when speaking about prime ideals we shall have in mind only 
non-zero prime ideals. 

Our aim is to describe the relations between G(K) and G(L), and, in 
particular, we shall deal with two maps defined in a canonical way — the 
injection map from G(K) to G(L) and the norm map acting in the opposite 
direction. 

We start with the injection map iz;~ : G(K) —> G(L), defined for 
A € G(K) by 

ip/K(A) = AS. 


One sees immediately that 17/%(A) is the smallest S-module containing 
A. It is also clear that this map preserves inclusion and maps principal ideals 
into principal ideals. Moreover the equality ABS = (AS)(BS) shows that it 
is a homomorphism. 


Proposition 4.1. The injection map ir /K %& @ monomorphism, mapping 
I(K) into I(L). 
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Proof : Note first that one has SM K = R. In fact, the inclusion RC SOK 
is obvious, and since every a € SM K is integral over R and lies in K, hence 
a € R. If now iz/x(A) = S, then SA = S, whence R= SNK = SANK 3 A, 
and so A must lie in I(K). But iz/%(A~!) = S~' = S, and we may repeat 
the last argument to obtain A~! € I(K). This can happen only if A = R, 
and so the kernel of i7,/x is trivial. 

If A € I(K), then A C R, thus iz/x(A) C iz/K(R) = S, whence 
injK(A) € I(L). Oo 


This proposition allows us to treat every ideal of R as an ideal of S, if we 
identify A and i;,/%(A). This idea can be extended so as to make it possible to 
treat ideals belonging to integral closures of R in various finite extensions of kK” 
in abstracto, without referring to a particular extension. Observe first that if 
M/L and L/K are finite separable extensions, then iy/K = %tm/L°tL/K- Now 
consider the system of groups {G(L)}, where L runs over all finite separable 
extensions of a fixed field K, which is the field of quotients of a Dedekind 
domain R, and G(L) is the group of fractional ideals attached to the integral 
closure of R in L. This system can be partially ordered by G(L) < G(M) 
holding if and only if L Cc M, all fields concerned being subfields of a fixed 
algebraic closure of K. Since the maps 44/1 are compatible with this ordering, 
we may consider the direct limit G of the system {G(L), i/,}- The elements 
of G are fractional ideals of all fields L which are finite separable extensions 
of K, two such ideals, say A € G(L) and B € G(M) being regarded as equal 
if and only if there is a common extension N of the fields L and M such that 
injt(A) = inym(B). The most important case, at least for us, is the one 
arising when we take K = Q and R = Z and consider all finite extensions of 
the rationals contained in C. 

Let us return to the injection map. If p is a prime ideal in R, then there 
is no need for the ideal iz; (p) of S to be prime. However, we can always 
write 


in/K(p) = Br + Be? (4.1) 


where the §B;’s are prime ideals of S' and the exponents e; are positive rational 
integers. We shall say that the ideals B1,..., 8, lie above p (and p lies below 
each of them), and the exponent e; will be called the ramification index of 
$8; and denoted by e1/x (Pi). The ideal P; is said to be ramified in L/K 
if er/« (Pi) > 1, and unramified otherwise. If ez/« (Pi) is divisible by the 
characteristic of the field $/;, then RB; is called wildly ramified in L/K, 
and ramified prime ideals which are not wildly ramified are called tamely 
ramified. Finally, if $8; is either unramified or tamely ramified, then it is said 
to be at most tamely ramified. 

One says also that a prime ideal p of R is ramified in L/K, if at least 
one of the prime ideals of S lying above p is ramified. Similarly, p is called 
unramified resp. tamely ramified in L/K if all prime ideals of S above p are 
such. 
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An extension is called unramified, resp. tamely ramified (or simply tame), 
if all prime ideals of S are unramified or at most tamely ramified, respectively. 
Note that an unramified extension is tame by definition. 

If L is an algebraic number field and K Cc L, then the extension L/K is 
called unramified at infinity, if no real embedding of K in C can be prolonged 
to a complex embedding of L. In particular, every extension of a totally 
complex field is unramified at infinity. 


Proposition 4.2. If p is a prime ideal of R, k = R/p, and is a prime 
ideal of S, lying above p, then there is an embedding of k in S/%, and one 
has [S/ : k] < [L: K]. 


Proof : It follows from Lemma 1.22 that p = %M R, and thus the embedding 
RC S induces an embedding of k in S/8. If a is an element of S, then with 
suitable c; € R we have 

a” + cpsa™ 1 +---+e =0, 


with n < [L: K], and therefore the canonical image @ of a in the residue field 
S/ satisfies 
a” + Gp,—14"* +--+ +% =0, 


with ¢; € k, hence the deg, a < [L : K], and since the field $/ is finite, the 
inequality [S/3B : k] < [L: K] follows. oO 


The degree [S/8 : R/p] will be denoted by f,,/x (8), and called the degree 
of 8 over the field K. 


Proposition 4.3. If K C L Cc M, T is the integral closure of S in M and 
p Cc $ are prime ideals of S and T, respectively, then 


em/K(B) = emz(P)er/K(p), 


and 


fuy«(®) = fut (B) f/x (p)- 


Proof : This is an immediate consequence of the definitions of ez;x and fz /x. 


Corollary. If the extensions L/K and M/L are both unramified, or tame, 
so is M/K. 
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2. Our subsequent results will concern the relations between the ramification 
indices and ideal degrees. Although they are true in the most general situation 
(assuming only finiteness and separability of the extension considered), we 
shall, for simplicity, prove them only in those cases which are really needed 
for our purposes. Our assumptions, valid in this chapter, are: 

(i) K is a field of zero characteristic, R is a Dedekind domain with quotient 
field K, L/K is an extension of degree n, and S' is the integral closure of R 
in L. 

(ii) The ring R (hence also S') has the finite norm property, and for any 
ideal I of R we have N(IS) = N(I)”. 

(iii) The class numbers of R and S are finite. 

To show that all rings Rx satisfy these conditions it remains to establish 
the following proposition: 


Proposition 4.4. If K is an algebraic number field, L/K is its finite exten- 
sion of degree n, and I is an ideal of Rx, then N(IR,) = N(I)”. 


Proof : The ideal I*‘*) is principal, so let a be its generator. Corollary to 
Proposition 2.13 gives N(I)"(*) = |Nix/g(a)|, and therefore 


N(@Rz) = |Nx/e(@)| = |Nxje(Nz/x(@)| 
es INx/o(2”")| = INxjQ(@)|" = N(D)r), 


But aR, = I*®)R, and finally we get N(I?®) Rr) = N(I)"**), and 
N(IRz) = N(J)", as asserted. O 


Theorem 4.5. If p is a prime ideal in R and (4.1) is the factorization of pS 
in S, then 
efit: +egfg =n, 


where e; = en/K (Pi) and fi = frjx (Pi). 


Proof : Taking norms of both sides of (4.1) we obtain 


g g 
N(p)" = N(pS) = TT NB)* = TT NO) = (perros, 
i=l i=1 
and our assertion follows. O 


Corollary 1. Ifp is a prime ideal of R and PB lies above p in S, then ez «(B) 
and fr/K (3B) do not exceed [L : K]. oO 


Corollary 2. There are at most |L : K] distinct prime ideals of S, lying 
above a fixed prime ideal of R. O 
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If p is a prime ideal of R such that there is only one prime ideal $ of S, 
lying over p, and moreover ey/«(P) = [L : K], then p is called totally, or 
fully, or completely ramified in L/K. If iz/x(p) is a product of distinct prime 
ideals of degree one, then we say that p splits in L/K. 


3. In this subsection we assume that our extension L/K is normal and G is 
its Galois group. If I is a fractional ideal in L and s € G, then s(J) is also 
a fractional ideal. All fractional ideals obtained in this way from a given I 
will be called conjugated to I. The notion of conjugated ideals has a meaning 
also in the case when L/K is not normal: let [1,...,L, be the images of 
L under its different embeddings into a fixed algebraic closure of K, and let 
8; : L —> L;, be the corresponding isomorphisms, leaving K fixed. Now if I 
is a fractional ideal of L, then s;(JZ) is a fractional ideal in L;, conjugated to 
I. 

In the case of normal extensions one can make the preceding theorem 
more precise: 


Theorem 4.6. If L/K is normal and p is a prime ideal in R, then all prime 
ideals of S lying above p are conjugated, and have the same ramification index 
e and degree f. Moreover, if g denotes their number, then efg =(L: K]. 


Proof : Once we get the equality of all ramification indices and of all degrees, 
the last assertion will follow immediately from Theorem 4.5. Hence it suffices 
to show that all prime ideals lying over p are conjugated, since then the 
equality of degrees will be immediate, the corresponding residue fields being 
isomorphic, and the equality of ramification indices resulting by applying a 
suitable s € G to the equality (4.1). In fact, since every element s of G acts 
as a permutation group on the set P,...,8,, hence if s(1) = P;, then 


pS = s(pS) = s(P1)* --- s(P,)°, 


and e; = e; follows by unique factorization 

So we have to prove that all $B;’s in (4.1) are conjugated, i-e., the group 
G acts transitively on the set of prime ideals lying over p. We shall utilize the 
finiteness of the class-number h of S. This implies the existence of a € S such 
that 8”? = aS. Denote by a; = a,a2,..., an the conjugates of a over K. Since 
a € 3B, we have also b = a, --- an € Bi NR =p, hence the principal ideal bS 
is contained in pS, and so is divisible by it. This shows that for every fixed 
YB; we get P,;|bS, and therefore PB; divides some a;S. Let s be that element 
in G which carries a onto a;. Then 


s(B1)" = s(a)S =a;S C Hi, 


and we get s(%1) = %;, because both 8; and s(%1) are prime ideals. So G 
indeed acts transitively. O 
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4. This subsection is devoted to the norm homomorphism, which will be a 
map from G(L) to G(K), defined for every extension L/K, satisfying our 
standing assumptions. Let $8 be a prime ideal of S and let p be the prime 
ideal of R which lies below $8. We define 


Nix (PB) =p, 


with f = fr/« (PB), and extend the definition of N;,/~ to the full group G(L) 
by multiplicativity, i.e., we put 


Nr (J) = [Xx () ve 


for I = T] B*? € G(L). 


Now we state some simple properties of the norm map just defined: 


Proposition 4.7. Let I be a fractional ideal in L. 

(i) If K =Q andI CS, then Nyx (J) ts the principal ideal generated by 
N(I). 

(iv) If I, J are ideals of S such that I and Ny /K(J)S are relatively prime, 
then the norms Nyx (I) and Nz/K(J) are also relatively prime. 

(v) For I € G(K) we have Nyx °tn;~K (1) = 1", where n = [L: K]. 

(vt) For any chain K CL CM of fields we have 


Nix © Nyt = Nu/x- 


Proof : (i) It suffices to check the assertion for J = $8, a prime ideal. If pZ is 
the prime ideal of Z, lying below f, then Nz /@(P) = pIZ with f = fr /o(B), 
but obviously we have N (8) = pfZ, and our assertion follows. 

ii) Immediate from the definition of the norm map. 

iii) Follows from (ii) and Proposition 1.13 (i). 

(iv) Assume the contrary. Then there is a prime ideal p of R dividing 
both Nz/x (I) and Nz,/%(J). This shows that pS divides Nz/x(J)S, thus pS 
and I are relatively prime, and so no prime ideal lying above p occurs in the 
factorization of J. But this means that Nz/x (I) cannot be divisible by p, a 
contradiction. 

(v) It suffices to consider the case I = p, a prime ideal. If i7;~(p) has the 
factorization (4.1), then Theorem 4.5 gives 


—_~ a 


Nuk © tn/K(p) = TP ayn Pica peir Teele = 5 


(vi) Immediate by Proposition 4.3. O 
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The next proposition shows that one can regard the norm of an ideal as 
the product of all ideals conjugated to it. This makes the norm mapping of 
ideals similar to the norm mapping of elements. 


Proposition 4.8. Let K Cc L, [L: K] =n, let M be the minimal normal 
extension of K containing L, and let T be the integral closure of R in M. Let 
also G be the Galois group of M/K, and let H be its subgroup, corresponding 
to L by Galois theory, thus H is the Galois group of M/L. Moreover let X 
be a set of representatives of cosets sH of G mod H. If now I is a fractional 
ideal of L, then 
Nyx (1)T = [J s(/7). 
sEx 


In particular, if L/K is normal, then 


Nrjx(1)S = [J sD. 
sEG 


Proof : We prove first our proposition in the case when L/K is normal, and 
it is obviously sufficient to prove it in the case J = §B, a prime ideal. Let p be 
the prime ideal of R lying below J. According to Theorem 4.6 we may write 


pS = (Pi --- By)° 


with % = ,. For i =1,2,...,g denote by G; the set of s € G, carrying 1 
onto $8;. Clearly G; is a group and the G;’s are its cosets, whence we obtain 


#G; =n/g = ef, 
with f = fr/x ($B). This equality implies in turn 


I] s® = [9 = 9)! = Nie), 


seéG i=1 


as asserted. 
In the general case again it suffices to consider J = $8, a prime ideal. 
Observe that #G [M:K] 
X= 7* 2 -[L: kj, 
# #H |M:L| | 
and, moreover, s~!s, € H implies s(®T) = s1(¥T). Hence, using Proposition 
4.7 (v), (vi) and the part of our proposition already proved, we get 


[M:L] 
(II sx) = [J S(T) = Nujx BTYT = Niyjx (Nay. (BT))T 


sEx sEG 
= Nyx (PAT = (Nx (BT), 


142 4. Extensions 

and this implies our assertion. O 
Corollary 1. The norm Nz/« maps principal ideals onto principal ideals. 
More precisely, if I is a principal fractional ideal generated by a € L, then 
Nz/K(1) is the principal fractional ideal generated by Nz; K(a). 


Proof : Using the notation of the proposition we get 


Nyjx(DT = [J UT) = [] s@7) = [] s@T = Nix (OT, 


sEx sEx sEX 


and Proposition 4.1 shows that Np/% (I) = Nz/x(a)R is principal. Oo 


This corollary enables us to present a characterization of ideal norms, 
which may be used as the definition of the norm map: 


Corollary 2. If I is a fractional ideal of L and K C L, then Nz x (J) is the 
smallest fractional ideal of K which contains the set 


{Nz (a) 7 ae T}. 


Proof : The preceding corollary shows that Nz, K(I) contains all norms 
Nz/x(a) for a € I. To prove that these norms generate Nz/ K(J) consider 
first the case of integral J, ie., J C S. By Corollary 4 to Proposition 1.14 
there exist a,b € I such that I = aS+bS and the ideals 6S and Nz; (al~')S 
are relatively prime. If we define ideals J, and Jz by aS = IJ, and bS = IJo, 
then Nz/x% (aS) = Npjx()Nzx(J1) and Nr/x (0S) = Nrjx()Nr/x(J2), 
but Proposition 4.7 (iv) shows that the norms of J; and Je are relatively 
prime, thus 
Nz/K(aS) + Nyx (0S) = Nyx (1), 


as asserted. 
If now J is an arbitrary fractional ideal of ZL, then we may write it in the 
form I = A/aS with a € R and A C S. In fact, we can write J = B/bS 
with B C S and b € S, but the element c = Nz x(b)/b lies in S and 
I =cB/cbS = A/a with A= cB C S and a= Nz /x(b) € R. Having done 
this, observe that for x € I we have x; = az € A, and so the fractional ideal 
generated by all elements Nz/«(x) with x € I coincides with the product of 
a—” by the smallest fractional ideal containing all elements Nz/x(21) with 

z, € A. But this product equals a~" Ny/« (A) = Nyx (a7'A) = NzK(J). 
O 
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5. From Corollary 2 to Theorem 4.5 one can deduce an evaluation of h(K) 
for algebraic number fields AK, due to Landau [18a]. Although it is rather 
simple, no better evaluation valid for all algebraic number fields is known. 
We start with a simple lemma: 


Lemma 4.9. Let K be an algebraic number field of degree n, and denote by 
F(a) the number of distinct ideals I of R~ with N(I) =a. The function F is 
multiplicative, i.e., the equality F(ab) = F(a)F(b) holds for relatively prime 
a,b, and, moreover for every € > 0 one has 


F(a) < dn(a) = O(2*), 


where d,(a) denotes the number of factorizations of the number a into n 
positive factors, taking into account their ordering. 


Proof : The multiplicativity of F' is an immediate consequence of the fact 
that every ideal of norm ab with relatively prime a,b is a unique product of 
ideals with norms a and ), respectively. 

Now let a = p" be a prime power and let pRx = [[?_, Bj, where $;’s are 
prime ideals in Rx. If I is an ideal of norm N(J) = p’, and ¥ is a prime ideal 
dividing I, then by Theorem 1.16 we have N(38)|N(I), whence N(%8) must be 
a power of p. Thus p € $% and we see that ‘8 coincides with one of the ideals 
$B1,..., By. This shows that with suitable a; > 0 we have I = []?_, P7*. It 
follows that every such ideal I induces a factorization of p” into g factors: 


p= N(1) =| [ NB), 
i=l 


and if J is another ideal of norm p” inducing the same factorization, then 
with b; > 0 we have J = [[%_, B° with N(B°) = N(#P%*) for i = 1,2,...,9, 
whence 6; = a; and I = J. This shows that F(p") < dg(p") < dn(p”), due to 
Corollary 2 to Theorem 4.5. By multiplicativity the lemma follows, the last 
evaluation being a standard result in elementary theory of numbers. O 


The announced upper bound for h(K) runs as follows: 


Theorem 4.10. If [K : Q| =n > 2 is fixed and D = |d(K)|, then 
h(K) = O(VDlog”" D). 


Proof : By Lemmas 3.8 and 4.9 we have 
h(K)< So F(a)< Yo ana) 
a<c(K) a<c(K) 


where 
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is the Minkowski constant of K, and it remains to recall the standard evalu- 


ation 
S44 (a) = O(@log"* 
a<x 
which can be easily proved by recurrence. O 


For further reference we point out a special case: 


Corollary. If K is an imaginary quadratic field and D = |d(K)|, then 


A(K) < (2 + mp) VDlog D. 


nx lo 


Proof : It suffices to note that 


So a&(a)=S>S01=35 [=] <ay>- <2+czlogz, 


a<x axa dla d<ax 
and recall that in this case the Minkowski constant equals 2VD/r. O 


6. We conclude this section with the proof of the Pellet-Stickelberger the- 
orem, concerning the quadratic character of polynomial and field discrimi- 
nants. 


Theorem 4.11. If f € Z[X] is monic and irreducible, and D denotes its 
discriminant, then for any odd prime p{ D we have 


(2) = 


where N is the degree of f and t = t(p) denotes the number of irreducible 
factors of f, the reduction of f mod p over the field Fp. 


Proof : Let 21,...,2N be the roots of f, denote by L the splitting field of f 
over Q and by k the splitting field of f over F,. If 8 is a prime ideal in Ry, 
lying above pZ, then ky = R,/¥ is a finite extension of F,, containing k. Let 
s: Ry —> ko be the canonical map, and put Z; = s(x;) (¢ = 1,2,...,N), 
so that f(X) = W(x — %;). Now put D = s(D) and note that D = 
Thc; (: — #3). 

Observe that the elements %; are distinct. Indeed, if Z, = Z,, then x, — 
ts € P, and since D = [],_,(x; — 25), we get D ¢ PNZ = pZ, thus p|D, 
contradiction. Therefore we can write f = F,---F;, where the polynomials 
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F;, € F,[X] are distinct and irreducible. If we denote by A; = ful, a uO} 
(with N; = deg F;) the set of all roots of F; in k, then we can write 


D= >: [] 2. 
i=l 


s>t 


where 
D; = [Ju - uy 


r<s 
is the discriminant of F; and 


Bis = I] (a —y). 


“ZEA; 
yeAs 
Since B;,, is invariant under the action of the Galois group of k/F,, we 
have B;,, € F,, and with a certain non-zero B € F, we obtain 


N 


III: = B?. 


i=1 s>i 


If for a certain i we have 2 { Nj, then D; is a square in the splitting field 
k, of F; over F,, but since k,;/F, is cyclic of odd degree, D; must be a square 
already in F,, since otherwise the field F,(./D;) would be a subfield of k; of 
degree 2. This shows that 
@ 
eee Ee | 
Pp 


holds if and only if the product [] D;, taken over i’s with 2|.N; is a square in 
Fy. 
To decide when this happens observe that D; is a square in F, precisely 


when the product 
Thm? -) 
r<s 


lies in F,, and this occurs if and only if this product is invariant under the 
Galois group G; of k;/Fp. Since for g € G; the ratio 


T1.<.(g(ut”) — g(u$?)) 
ee (uy 7 us?) 


equals 1 if and only if the permutation induced by g in the set A; is even, we 
obtain that D; is a square in F, precisely when all elements of G; are even 
permutations. Now observe that this cannot happen for even N;. Indeed, 
the group G; is cyclic of N; elements and acts transitively on A;, thus its 


generator is a cycle of even length, which is an odd permutation. Therefore 


2) = 1 holds if and only if the number of even N;,’s is even. Since 
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NE Naa OA De (mod 2), 
i=1 i=1 i 


a 
2|N; 


we arrive at our assertion. O 


The following corollary results immediately: 


Corollary. Leta be an algebraic integer of degree n, f its minimal polynomial 
and p an odd rational prime, not dividing the discriminant of f. If K = Q(a), 


then (29) - ay, 
p 


where ty is the number of irreducible factors of the reduction of f mod p. 


4.2. Different and Discriminant 


1. In this section we shall define the discriminant for a relative extension. 
This cannot be done in the same way as in Chap. 2 for extensions of Q, since 
we used there the existence of integral bases, which is assured only if the 
ring of integers of the ground field is a PID. Even if it is, and we imitate 
the procedure used for absolute extensions, we find that the discriminants of 
various integral bases may differ by a square of a unit, which is not necessarily 
equal to 1. So we have to use another approach. Since we want to use our 
constructions also for completions of algebraic number fields, we shall not 
restrict ourselves to finite extensions of Q, but proceed as in the preceding 
section, assuming the conditions (i), (ii) and (iii) stated there. Thus L/K 
will be an extension degree n of a field K of zero characteristic, R will be a 
Dedekind domain with quotient field K, and S will be the integral closure of 
Rin L. We assume moreover that R and S satisfy the finite norm property, 
have finite class-numbers, and for any ideal I of R we have N(IS) = N(I)”. 
Let A Cc L be a non-zero R-module. The set 


will be called the codifferent of A over K. It is an R-module, which may 
even be equal to zero module. This happens if A is sufficiently large, e.g. 
A = L. To obtain non-trivial properties of the codifferent we have to make 
some additional assumptions on A. The most obvious thing to do is to assume 
that A is an S-module, or a fractional ideal in L. 


Proposition 4.12. If I is a fractional ideal in L, then its codifferent I* is 
also a fractional ideal, and we have II* = S*. Moreover, if I is an ideal in 
S,, then (I*)~' is also an ideal in S. 
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Proof : If 21,22 € I* and 61, bz € S, then 
TK ((b121 + bex2)L) G Tr/K (211) + Tr/K (21) CR, 


whence J* is an S-module. Since with a certain a € S' we have al C S and 
a € I*, we see that J* is non-zero. To show that with some non-zero q € S 
we have q/* C S let w1,...,Wn be a K-basis of L, contained in S, and let b 
a non-zero element of J R (it can be an element of the form Nz/x(c) with 
non-zero c € IMS). We shall prove that the element g = bdet [Tr ; K(wiv,)], 
which is non-zero (as L/K is separable) and lies in R is good for us. Take any 
L = CyW, ++++ + CnWy € I* with cy € K, and observe that since all elements 
bw, lie in I hence Ty/%(brw,) € R. But 


Ty/K (btwz) =b Se Ty K (wiv), 


i=l 


whence by Cramer’s rule we infer that all elements c,b det [Ty,/x (wiw,)]| lie 
in R, and so gx € S, implying qI* C S, as required. 

The equality J7* = S* results now from the following chain of equiva- 
lences: 


aél* & Tyx(al CR © Tyx(alS) CR @ aI CS* & ael™'s*. 


To prove the final assertion observe that I C S implies S C I*, whence 
(Py SS) oh 6, oO 


If I is a fractional ideal in L, then (I*)~+, which is a fractional ideal by 
the last proposition (and in case J C S even an integral ideal) will be called 
the different of I over K. We shall denote it by Dz; (I). The different of 
the unit ideal S will be called the different of the extension L/K and will be 
denoted by Dz x. 

Note that this notion depends not only on the extension L/K, but also 
on the choice of R. However, in all cases which we shall consider the choice 
of R will be obvious, so that no ambiguity will arise. Note also that the map 
G(L) > G(L) given by I++ Dz/x(J) is in general not a homomorphism. 

We prove now some properties of the different. 


Proposition 4.13. (i) If I ¢ G(L), then Dr/x (1) = IDz/K. 

(i) If K CL CM, then Dux equals the product Dyyj_Dr/K- 

(iit) If L/K is normal, then Dy /x is an ideal invariant under the action 
of the Galois group of L/K. 

(iv) If I € G(K), then the conditions Tr;x(J) C I and Jc IDF ix are 
equivalent for every J € G(L). 


Proof : (i) By Proposition 4.12 we have 
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(Drjx(D))'IDrx = I*IDyjx = S*Drjx =S8, 
and (i) results. 
(ii) If W denotes the integral closure of R in M, then 
Tux (Dyyjr(DrxW)) = Thx (Tuyt(Dy1(Pr/xW))) 
= Tr (Dr je Tu/t(Du/z)) Cc TrjK(D ik) CR, 
implying 
DiytPisK C Dijk 
and 
Duy C DuyjtD1/K:- 
On the other hand we have 


Thx (Imyt(DigyxW)) = Tuy (DuyxW) CR, 
thus Ty (Dy; KW) C Diixs and therefore 


implying 
-1 -1 
Dijk uyK c Dyyr 
and this gives 
Dyujx > DrjKPuyjt; 


hence (ii) results. 
(iii) If s € Gal(L/K), then for x € S* we have 


Tr jx (8(x)S) = Trx(xs~*(S)) = Thx (2S) C R, 


hence s(S*) Cc S*, and also s~!(S*) C S*, i.e, S* C s(S*). Finally we get 


s(S*) = S*, and s(DrjK) = Dyz/x follows. 
(iv) It is enough to consider the sequence of equivalences 


Tryx(J) CI @I"'Trx(J) CR 
SINC Dig & ICID x. Oo 


Corollary 1. Dey /K is the largest fractional ideal of L, all elements of which 


have their traces in R. 


Proof : Apply (iv) with I = R. 


oO 


Now we can characterize extensions in which the trace map from S to R 


is surjective, and, more generally, identify the set Ty/%(S). 
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Corollary 2. The largest divisor of the ideal Dy/x which lies in it~ (I(R)) 
equals Tr/«K(S)S, and so Ty; %(S) is the least common multiple of integral 
ideals I C R, satisfying iz; (1)|Di/K- 


Proof : Since Ty is an ideal in R it suffices to apply (iv) to J= 8. O 


Corollary 3. The trace map Ty;% : S —+ R is surjective if and only if the 
different Dy/K does not have any divisor # S lying in it/~(I(R)). 


Proof : Immediate by the preceding corollary. O 


In the number-theoretic case one can prove more about the different and 
the codifferent. 


Proposition 4.14. If L is a finite extension of the rationals, I € G(L) has 
a Z-basis a1,...,An, and bi,...,b, € L satisfy 


Ty jq(aib;) = 6; (6,9 =1,2,...,0), 


then the codifferent I* is generated by the b;’s as a Z-module. Moreover one 
has 
N(Drje(Z)) = N()|a(L)I; 


and, in particular, 
N(Dz/Q) = \a(Z)]- 


Proof : Cramer’s formulas imply that the b;’s are determined uniquely by the 
a,’s, and one sees easily, that they form a basis of the linear Q-space L. For 
xé€ Landy €I write x = 7, ribi, y = OL, yiai with x; € Q and y; € Z. 
Then 


Trjo(ty) = >> xiyjTrjq(bia;) = D> viyi, 
iJ i=1 

and the last sum will lie in Z for every choice of y € I if and only if all x;’s 
are integral. This shows that I* = @j_, b;Z. 

(The same argument is also applicable in the more general situation, when 
R is a PID.) 

To prove the second assertion it suffices, in view of Proposition 4.13 (i), 
to consider the case I = Ry. Let w1,...,wWp be a integral basis of L. By the 
already proved part of the proposition the ideal Die has a Z-basis bj,..., bn 
such that 

Tr jq(wid;) = 63. 


Choose a natural m to make all numbers c; = mb; integral, and consider 
the ideal J = mDz jg Cc Ry. Using Proposition 2.13 and its corollary we 
obtain 
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N (Dif)? =N()*Ngfalrm) = SG ree) 


L/Q d(L)m?" 
_ dz /o(b1, ode , On) 
7 d(L) 
qt 
Finally observe that the product [of ) vo 1” equals [Tr /q(wib;)], thus 


it coincides with the unit matrix and this leads to 
dz /e(b1, ate , bn) = dr ig (1, aes Wn) = ah), 
which gives N(Dz/g)” = d?(L). Oo 


2. Now we define the discriminant of the extension L/K. In contrast to the 
absolute discriminant it will not be an element of the ring Rx, but an ideal in 
this ring, however in the case K = Q it will coincide with the ideal generated 
by d(L) in Z. A definition of a discriminant which resembles more the absolute 
discriminant will be given in Chap. 6 in terms of ideles. 

Our definition is very simple: the discriminant d(L/K) of the extension 
L/K equals N;/x(Dr/x). Proposition 4.14 immediately implies that d(L/Q) 
is the ideal generated by d(L). 


Proposition 4.15. If K CL C M, then 
d(M/K) = d(L/K)!""4 Nz) ¢(d(M/L)). 


Proof : Follows from Proposition 4.13 (ii). O 


Corollary 1. If Q <c K C L, then the discriminant d(L) is divisible by 
d(K)iE*1 Oo 


This improves Proposition 2.16. 


Corollary 2. If K/Q is an extension with a square-free discriminant, then 
there is no field between Q and K. 


Proof : If L were such field, then by Corollary 2 to Theorem 2.22 there 
would be a prime divisor p od d(L), and the preceding corollary would give 
piK-1l\d(K). Therefore d(L) = 1, and Corollary 2 to Theorem 22 implies 
L=Q. O 


For an element a € S', generating the extension L/K consider its minimal 
monic polynomial F, and define the different 6,/%(a) of a as the value of 
the derivative F’ at a. For convenience we define also the different for those 
elements of S' which do not generate L/K, putting 6,/% (a) = 0 in that case. 
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Theorem 4.16. The different Dz; 1s generated, as an ideal of S, by the 
set of all differents d,/K(a), with a running over S. 


Proof : For the proof we need some results concerning subrings of S having 
the form A = Rlal, i.e. generated by R and an element a of S such that 
L = K(a). Obviously we have 


n-1 
-Gor, 
j=0 
where n = [L : K]. For such rings it is possible to give an explicit set of 
generators for the codifferent, treated as an R-module: 
Proposition 4.17. If a € S generates the extension L/K, A = Rial, n = 


[L: K] and f is the minimal polynomial of a over R, then the codifferent A* 
is generated as an R-module by the set ere Sasa? POSE Ge, 


Ria|* = —~Rla 
[a]* = Fw j [a]. 
Proof : Let B be the R-module generated by the set {a’/f’(a)} (jf = 
0,1,...,n —1), and observe that if aj = a@,a2,...,@n are the conjugates 
of a, then 


3 ajt ees) ee if0<k<n-2 
F(X) ifk=n-1. 
Indeed, it suffices to note that on both sides we have polynomials of degrees 
<n-—1, attaining the same values at n distinct points a;. Putting X = 0 we 
obtain Ty,/x(a*/f’(a)) € R, whence a*/f!(a) € A*, ie. BC A*. 
To obtain the converse inclusion let b € A*, and write f(X) = c,X" + 
-- +c 9, with c, = 1. If we put 


F(X) 
P(X) = a ’ 
VD ia 
where b; = b, be,..., bn are conjugates of b, then 


iL 


P(X) = Soe; S) X*T 1x (bat *). 
j=l k=0 


a. 


Since, by our choice of b, Ty;~(bA) C R, we see that the coefficients of P lie 
in R. But bf’(a) = P(a) € Ral, ie. b € B, thus A* C B. 0 


Corollary. f’(a)S Cc R[al. 
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Proof : S c A*, hence f’(a)S Cc f’(a)A* = R{al. Oo 


The greatest common divisor of ideals of S contained in A will be denoted 
by fa and called the conductor of A. The last proposition leads to a simple 
formula for it, and permits to obtain a relation between the different Dz /« 
and the different 6,/%(a) of an element a € S, generating L/K. 


Proposition 4.18. Let a be an element of S, generating L/K, let f be its 
minimal polynomial over R, and let A = Ria]. Then 


(i) fa = 8r/K(@)Dr jx 
(tt) fa ={x EA: 2S C A}, 
(itt) fa ={x EL: cA* Cc S*}. 
Proof : (i) Since S* Cc A* the preceding proposition implies 
51K (@)Dr ix = f'(a)S* C Ria] cS, 


thus the ideal 67, K(@) Dr ix is integral and divisible by the conductor f.,. 
Moreover, from the proof of the last proposition we obtain that Ty,;~(A/f’(a)) 
is contained in R. Therefore Ty/x(fa/f'(a)) C R, hence fa/f'(a) C S*. Fi- 
nally we get 

fa C f'(a)S* C br /K(@)DriK- 


(ii) If & € fa, then 
£S CfaS =facCaA, 


showing that f4 is contained in A = {x € A: aS C A}, and since A is an 
S-ideal contained in A, we get the converse inclusion A C fa. 


(iii) Put T= {xeL: cA* Cc S*}. Forze L, y € S we have 
ytA* c yS* cS, 
and so I is a non-zero S-module. Moreover [A* C 5*, which gives 
TrjK(IA*) C TrK(S*) CR, 
hence A* C I*. Now (i) and Proposition 4.13 (i) imply now 
AC fia" = f' (aI Dr ix: 
which in view of (i) leads to 
IcIAc 51K (@)Dr ix = fa. 
On the other hand, if y € A*, then 


Trx(yfaS) C Trix (yA) CR 
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hence yfa C S* proving fa C I. O 


Corollary. One has S = R[a] if and only if the conductor of A = Ria] equals 
S. 


Proof : If f4 = S, then 1 € f, and (ii) implies S C A Cc S. If S = A, then 
1-S=S CA, and by (i) we get 1 Efa,ie, f=S. Oo 


For the proof of Theorem 4.16 we need two further lemmas. 


Lemma 4.19. Let L = K(a) witha € S, put A = Rial, let B be a prime 
ideal of S, and for m = 1,2,... let dm : A/(ANB™) —> S/P™ be the 
homomorphism induced by the embedding AC S. 

(i) If % does not divide the conductor fa, then dm is an isomorphism, 
i.e., every residue class mod $%™ in S can be represented by an element of 


A 

(it) Let p be the prime ideal of R lying below Y. Write pS = Bel with 
BI. Ifa €I\ BB and the homomorphisms ¢m are isomorphisms for m = 
1,2,..., then Bt fa. 


Proof : (i) Let b € fg \ f and c € S. Proposition 4.18 (ii) shows that for a 
certain W € R[X] we have c = W(a)/b. With a suitable k > 0 we have 


b& =1 (mod $”), 
and since b = V(a) for some V € R[X], we obtain 
c= W(a)b*-1 = W(a)V(a)*-1_ (mod 8"), 


thus every residue class mod $8” is represented by an element from A. 

(ii) Lemma, 1.21 implies that every element of S may be written in the 
form P(a)/D with P € R[X] and some fixed D € R (in fact, we can take 
D = dz/x(a)). Let p™ be the highest power of p dividing D. Our assumption 
implies that every element x € S can be written in the form x = b+ y with 
be Aand y € Pe™. Then 


ya” € Br I™ = pS cD pA. 


Since p { Dp~™ there exists c € Dp~™ \p C R, and thus ya™ € c71A, hence 
we can write ya” = c'r with r € A. Then, with a suitable V € R[X] we get 


rr V(a) 


ca™ ~~ cqm’ 


implying ca™x € A, whence ca™ € f4. However ca™ € A\ $8, and so $ does 
not divide f4, as asserted. 
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Lemma 4.20. Let % be a prime ideal of S, denote by p the prime ideal of R 
lying below 3, and let I be an ideal of S not divisible by B. Denote by ko, k the 
fields R/p and S/, respectively, and let y € S\B be such that § = y mod PB 
generates the extension k/ko. Let F € R[X] be such that F(X) € ko[X] is 
the minimal polynomial for 7, and assume that F(y) does not lie in $87. If 
now a € S generates the extension L/K and satisfies a € I, a= y(mod $”), 
then form = 1,2,... every residue class mod %™” in S can be represented 
by an element of Rial. 


Proof : Let x € S. Since k = ko[@] there exists a polynomial V € R[X] 
such that V(@) = x mod $8. Then obviously z = V(a) (mod $8), proving our 
assertion in the case m = 1. 

Assume now that our assertion holds for some m > 1 and let z € S. 
Then for some V € R[X] we have x = V(a) (mod $8”). The principal ideal 
generated by F(a) in S' is divisible by $, thus F'(a)S = PJ with a certain 
ideal J, which is not divisible by 8. Choose u,u’ € S with u € J \ $ and 
uu’ = 1(mod $8). Moreover let W € R[X] be such that u’ = W(a) (mod 9%). 
The element c = (x — V(a))u™/ F(a) lies in S, thus there exists T € R[X] 
satisfying c = T(a) (mod $B). Since c = V(a)+cF™(a)/u™, we obtain finally 


z=V(a)+T(a)F™(a)W™(a) (mod $™*"). O 


Corollary. For every prime ideal % of S there exists a € S such that the 
conductor of the ring Ria] is not divisible by PB. 


Proof : Proposition 2.2 (ii) and Corollary 3 to Proposition 1.14 imply that 
there exist a € R, satisfying the assumptions of the lemma. Lemma 4.19 (ii) 
shows now that the conductor of the ring R[a] is not divisible by B. O 


To conclude the proof of our theorem observe that by Proposition 4.18 (i) 
every different J7,/~(a) is contained in Dp/x, and faDz/K = 61/K(a)S with 
A = Ria] holds. Therefore it suffices to choose a as given by the Corollary to 
Lemma 4.20. Oo 


4. It has been observed by Weil [43] that the different Dz, x is related to 
differentiations in commutative rings. If R is such a ring and M an R-module, 
then every homomorphism f : Rt —+ M™ of additive groups is called a 
derivation, provided it satisfies 


f(wv) = uf (v) + of (u) (4.2) 
for all u,v € R. 


Lemma 4.21. Let RC S and M be commutative rings and assume that M 
is at the same time an S-module. If f :S —>+ M is a derivation, vanishing 
at R, then forae S and P € R[X] we have 
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f(P(a)) = P'(a)f(a), 


where P’ is the formal derivative of P. 


Proof : An easy induction gives f(a") = ka*~! f(a) for k = 1,2,... , and it 
remains to recall that f is additive. O 


In the case, when M is a commutative ring, a derivation f is called essen- 
tial, if its image f(R) contains at least one element which is not a zero-divisor. 
The connection between the existence of essential derivations and the diffe- 
rent Dz/x is given in the following theorem: 


Theorem 4.22. [f I is an ideal of S, then an essential derivation S —> S/T, 
vanishing on R exists if and only if I divides Dy /K. 


Proof : We need a lemma: 


Lemma 4.23. [fB is a prime ideal of S and m > 1, then for every derivation 
f: S—> S/P™ we have f(t") = 0. 


Proof : For « € ™*+ and mr € $B \ P? write x = 7”+1A/B with A € S, 
BeéS\, which is possible by Proposition 1.27 (i). Using Lemma 4.21 we 
get now 


Bf(x) = Bf(x) +«f(B) = f(Bx) = f(x" A) 
= Af(n™**) = (m+ 1)An™ f(m) =0, 


and in view of B ¢ $8 we obtain f(z) = 0. O 


Now observe that it suffices to establish the theorem for powers of prime 
ideals. Indeed, let J = Pf --- 985°. If f : S —>+ S/T is an essential derivation, 
equal to zero on R, then f; : S —> S/$§ defined by f;(x) = f(x) mod Fi is 
also an essential derivation, vanishing at R. Conversely, if for i = 1,2,...,g we 
have essential derivations f; : S —+ S/8¥‘, vanishing on R, then by putting 
f(x) = (fi(x),..., fg(%)) we obtain a derivation of S into the direct sum of 
the rings S/98;*, which is isomorphic with S/I, according to Theorem 1.15. 
Thus f can be regarded as a derivation of S into S/J, vanishing on R. To show 
that f is essential choose x1,...,% 9 € S so that f;(x;) is not a zero divisor, 
and let « € S' be a solution of the system x = 2; (mod $S*") (¢ = 1,2,...,g) 
of congruences. Such a solution exists by the Chinese remainder theorem, and 
since Lemma 4.23 implies f;(7) = f,(z;) for i = 1,2,...,g we see that f(x) 
is not a zero-divisor. 

Now assume that f : S —> $/98”™ is an essential derivation vanishing on 
R, and choose a € S in such a way that for A = R[a] we have 8 { fa, which 
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is possible by Corollary to Lemma 4.20. If  € S and x = W(a) (mod ""?) 
with W € R[X], then by Lemmas 4.21 and 4.23 we obtain 


f(a) = f(W(a)) = W"(a) f(a). 


Were f(a) a divisor of zero, then f(x) would be a zero-divisor for all x € S, 
contrary to the assumption. Thus f(a) is not a zero-divisor, and if we denote 
by F € R[X] the minimal polynomial of a over R, then 


0= f(0) = f(F(@)) = F’@) f(a), 


leading to F’(a) = 0 (mod $8"), and thus, by Proposition 4.18 (i), 8” divides 
Drz/x, since f { fa. 

Now assume that 8|D;,/%, and use again Corollary to Lemma 4.20 to 
choose a € S so that the conductor f4 of the ring R[a] is not divisible by 
$B. Moreover, let b € f,4 \ B, write b = W(a) with W € R[X], and let ce S 
satisfy be = 1(mod $8”). Every element x € S' can be written in the form 
x = V(a)/b with a certain V € R[X], and we put now 


f(x) = (V'(a)W(a) —V(a)W"(a))c* (mod $™), 


this definition being prompted by the familiar rule of differentiation of ratios. 
To check that this definition makes sense assume that we have x = Vi(a)/b = 
V2(a)/b with Vi, V2 € R[X]. Then Vi (a) = V2(a), hence we may write V;(X)— 
V2(X) = F(X)G(X), where F € R[X] is the minimal polynomial of a and 
G € R[X]. This implies 


Vi(a) — Vz(a) = F’(a)G(a) =0 (mod $”), 
since by Theorem 4.16 8” | Dr; | F’(a)S. 


It remains to check that f is an essential derivation. Since f(u+v) = 
f(u) + f(v) clearly holds and f(a) = 1, it remains to check that (4.2) is 
satisfied. Let u,v € S' and write wu = Vi(a)/b, v = V2(a)/b. Then 

uf (v) + vf(u) = eV (a) (Vz (a)W(a) — Vo(a)W'(a)) e 
+ eVa(a) (Vi (a)W (a) — Vi(a)W'(a)) c? 
= c° (Vi (a)V2(a) + Vi (a)V2(a)) W(a) 
— 2c?V;(a)V2(a)W'(a) (mod $8). 

Let « = uv and write x = P(a)/b with P € R[X]. Since Vi (a)Vo(a) = 
P(a)W(a), we may write Vi\(X)V2(X) = P(X)W(X) + G(X)F(X) with 
G € R[X], and this leads to 


Vi (a) V3 (a) + Vi(a)V2(a) = P'(a)W(a) + P(a)W'(a) (mod P™), 
and finally uf(v) + vf(u) = f(z), as needed. Oo 
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Corollary. The different Di;~ equals the least common multiple of ideals 
I of S, for which there exists an essential derivation f : S —> S/I with 
f(R) =0. o 


As an application of the theorem just obtained, we prove now one of the 
main results of the theory, the different theorem. 


Theorem 4.24. If P is a prime ideal of S, p is the prime ideal of R, ly- 
ing below PB, and pS = PI with P { I, then P°-'|Dz/K. Moreover, if 
(e, N(#P)) =1, then pin { DrjxK.- 


Proof : The first part of the assertion can be obtained without the use of 
Theorem 4.22. Denote by M the least normal extension of K, containing L, 
let So be the integral closure of R in M, and let Ly,...,L, be the fields 
conjugated to L. Let x € BI and let p be the rational prime dividing N(%). 
For sufficiently large N we have 


a?” € (PI)” CpS, 
and, similarly, the elements (x)p" of the integral closure S; of R in Lj, 
which are conjugated to xP lie in pS; for i = 1,2,...,n. This gives 


Trjx(2”” ) EpSoNR=p. 


By the choice of p the difference T, K(2?") meet He (x)P™ lies in p, thus finally 
Tr/K(z) € p. The resulting inclusion T,/x (J) C p leads us, by Proposition 
4.13 (i), to PIC PDE ix PID C pS = Pel, and finally Dy/x% Cc Pe, 
proving the first part of the theorem. 

To prove the second part, assume that (e, N(%8)) = 1, ie., e is not divisible 
by the characteristic of R/p. Let f : S —> S/38* be a derivation, vanishing 
on R. In view of Theorem 4.22 it suffices now to show that every element 
of f(S) is a zero-divisor. Choose 7 € p \ p? and IJ € $8 \ 98?. With suitable 
a,be S, a,b ¢ PB we have x = IT°a/b, which gives 


0 = mf (b) + bf(m) = f(mb) = f(I°a) = ell f (Ia, 


showing that f (JZ) is a zero-divisor in S/38°. Therefore f (IZ) € %/P°. If now 
x € B* with k > 1, then z = I/*a/b with a,b € S, b ¢ $B, whence 


bf (x) + f(b) = kIT" af (II) + I* f(a) € P/P°. 


and, in view of zf(b) € B/°, we obtain bf (x) € B/P°. Since b ¢ FP this 
shows that f(z) is a zero-divisor. Finally, let x ¢ %. By Theorem 1.18 we 
have zN(¥)-1! — 1+ ¢ with c € ,, and this gives 


(N(B) — La ®-?2 F(x) = f(aN®)-1) = f(1 te) = fo). 
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Since f(c) is a zero-divisor and (N() —1)aN“P)-? ¢ M, it follows that f(x) 
is also a zero-divisor. 0 


Corollary 1. The set of prime ideals of S ramified in L/K coincides with 
the set of all prime divisors of the different Dz /x. O 


Corollary 2. There are only finitely many prime ideals ramified in a given 
extension L/K. O 


Corollary 3. (The discriminant theorem) A prime ideal of R is ramified in 
the extension L/K if and only if it divides the discriminant d(L/K). O 


Corollary 4. There are no unramified extensions of degree > 1 of the ratio- 
nal field. 


Proof : Apply Corollary to Theorem 2.22 and the preceding corollary. O 


Corollary 5. If the extension L/K is tame, then the trace map Ty; : S — 
R is surjective. 


Proof : If the trace map is not surjective, then according to Corollary 3 to 
Proposition 4.13 there exists a proper ideal I of R such that IS divides the 
different Dr/;x. Let P be a prime ideal of S dividing IS, let p be the prime 
ideal of R lying below $8, denote by p the characteristic of the field R/p, and 
put € = e,/%(). Since we have p|I, and the tameness of L/K gives p { e, 
hence 

P°|\pS|IS|Dr x, 


in contradiction to the theorem. O 


It should be noted that there exist fields with unramified extensions. To 
give an example consider two square-free and relatively prime rational inte- 
gers A,B, both congruent to unity mod 4 and distinct from 1, and put 


K=Q(VAB), L=Q(VA,VB). 


Obviously we have L = K(VA) = K(WB). The differents of VA and VB over 
K are equal to 2A and 2VB, respectively, and so, by Theorem 4.16 we get 
2 € Dr/K, because (A, B) = 1. Now choose C, D € Z with C?—4D = A. The 
root of the polynomial X2+C.X + D is an algebraic integer lying in L, and its 
different over K equals vA, showing that A = (WA)? € Dy, /K- But (A, 2) = 
1, and so the different D,/% contains two relatively prime rational integers, 
whence we get Dy,/~% = Ry, and Corollary 1 to the preceding theorem implies 
that the extension L/K is unramified. It follows from the class-field theory 
that every algebraic number field with class-number greater than 1 has an 
unramified extension with Abelian Galois group. 
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5. Now we shall consider the discriminant of a composite of two extensions 
of the same ground-field. 


Proposition 4.25. If the extension L/K is the composite of K,/K and 
K2/K, ie. L is the minimal field containing K, and Kz in a fired al- 
gebraic closure of K, then the sets of prime ideals dividing d(L/K) and 
d(K,/K)d(K2/K) coincide. 


Proof : Proposition 4.15 shows that every prime ideal dividing the product 
d(K,/K)d(K2/K) divides also d(L/K). Assume now that p is a prime ideal 
of R, dividing d(L/K), but not dividing d(K/K), and let $ be a prime ideal 
of S lying above p, and dividing Dz/x. If we would have $|Dx,/«S, then, 
with f = fr;x(B), we would get 


pf =Nz/K(®)|Nz/K(Dr,/K«S) = Nx, (N/K, (Dx,/K«§)) 
= Nuyp(Dyeypie) = UB / Ke, 


and thus p|d(K,/K), contrary to our assumption. Therefore ® { Dx,/KS, 
and in view of Drjx = Dr/K,Dxk,/K we get B|Dz/K,. Now let a € Ky be 
integral over R with Ky = K(a), and denote by F,G its minimal polynomials 
over K and Kj, respectively. Then L = Kj(a) and F(X) = G(X)H(X) with 
H € K,[X], thus F’(a) = G’(a)H(a), and so F’(a) lies in the ideal G’(a)S. 
By Theorem 4.16 we get G’(a) € Dz/x, C #, thus F(a) € , and using 
again Theorem 4.16 we obtain Dx,/x C $8, showing that p divides d(K2/K). 

Oo 


Corollary 1. (i) If p is a prime ideal of R unramified in K,/K and K2/K, 
then it is also unramified in the composite extension K,K2/K. 

(it) If the extensions K,/K and K2/K are both unramified, so is K,K2/K. 
O 


Corollary 2. If M/K is the minimal normal extension of K containing 
L, then the discriminants d(L/K) and d(M/K) have the same prime ideal 
divisors. In particular, if L/K is unramified, so is M/K. O 


In the case when the groundfield K equals Q we can in certain situations 
obtain more precise results. 


Theorem 4.26. Let fori = 1,2 K;/Q (i = 1,2) be a finite extension of 
degree n; and discriminant d(K;), and assume (d(K1), d(K2)) =1. Then the 
degree of the composite L = K,K2 equals nine, one has 


d(L) = d(K,)"*d(K2)™, 


and if wi,...,Wn, is an integral basis of K, and 21,..., Qn, 18 an integral 
basis of K2, then the set {w;2;} forms an integral basis of L. 
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Proof : Let K be the minimal normal extension of Q containing K,. By 
Corollary 2 to Proposition 4.25 we have (d(K), d(K2)) = 1. Let K; = Q(a), 
and let F, G be the minimal polynomials of a over Q and over Ko, respectively. 
Obviously G divides F’, and to show that F' = G it suffices to prove that the 
coefficients of G are all rational. These coefficients lie in K, because they are 
rational functions of some conjugates of a over Q, whence the field generated 
by them lies in k = KM Kg. By Proposition 2.16 we infer that d(k) divides 
both d(K) and d(K2) and hence equals +1. But according to Corollary 2 
to Theorem 2.22 this can happen only if k = Q, therefore [Kj K2 : Ko] = 
deg G = deg F = [Ky : Q|, thus F = G, and the first assertion of the theorem 
follows. 

To obtain the remaining parts observe that the discriminant of the system 
{w;2;} equals A = d(K,)"*d(K2)™, and so the discriminant of L is a divisor 
of A. Corollary 1 to Proposition 4.15 shows that d(L) is divisible by d(K,)”? 
and by d(K2)™, and to conclude the proof one has only to note that these 
numbers are relatively prime, whence d(L) has to be divisible by A, their 
product. O 


Corollary. Let for i = 1,2,...,r K;/Q be a finite extension of degree ni, 
and let {w{} be its integral basis. If fori # j we have (d(K;),d(K;)) = 1, 
then the discriminant of the composite extension K = K,K2---K, equals 


i=l 


where n = n1Nnq---Ny, and an integral basis is formed by the set {]];_, wi) }. 
Proof : Follows from the theorem by a simple inductive argument. O 


6. The last theorem permits us now to give a description of principal prop- 
erties of cyclotomic fields. Let Ky, = Q(Gm) be the m-th cyclotomic field. 
Observe that for odd m the fields K,, and Kam, coincide, because —¢,, gen- 
erates Ko,,, whence it suffices to deal in sequel only with the case when m is 
not congruent to 2 mod 4. 


Theorem 4.27. (i) For allm,n>1 we have KmKn = Kim nj- 
(it) Form >1 we have [Km : Q| = v(m), 


d(Km) = |] d(Kpe)?/?"), 


p?||m 


and 1,Gm,...,C2"—" és the integral basis of Km. Moreover the extension 
Km/Q is normal with its Galois group isomorphic to G(m), the multiplicative 
group of residue classes mod m, prime to m, the isomorphism being given 
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by r++ gr, with gr(Cm) = Cr. Finally, the minimal polynomial of Gm over Q 
equals 


. x™—1 
Fr(X)= |[ (x-G)= : 
re (X" — 1. Them — 0) 


(itt) If m # 2 (mod 4), then Km C Ky holds if and only if m|n, thus for 
distinct m,n, both incongruent to 2 mod 4 the fields K,, and K,, are distinct. 

(iv) If m|n, then the subgroup of G(n), corresponding to Ky, according to 
the Galois theory equals 


{r €G(n): r=1 (mod m)}, 


(v) For all m,n we have Km A Kn = K(mn)- 
(vi) If m <n and Km = Kn, then m is odd and n = 2m. 


Proof : (i) If [m,n] = s, then 


Gm = Hues Gn = cr 
thus K,,K, C K,. To get the converse inclusion, solve 


mn 
mz + ny = (m,n) = ores 


in rational integers x,y, and observe that 


Cre = Cs; 


thus K, C KmKyn. 

(ii) Ifm = [],, p®? is the canonical factorization of m, then by (i) Km is the 
composite of the fields Kp2» , which by Theorem 2.20 have their discriminants 
relatively prime, so we may apply Corollary to Theorem 4.26 to obtain the 
formula for the discriminant and the statements about the degree and integral 
basis. The normality of the extension K,,/Q follows from the observation 
that all conjugates of ¢,, are powers of ¢,,, and since Proposition 2.16 and 
Corollary to Theorem 2.22 imply that the intersection of Kpo» and K,,,,-ap 
equals Q, it follows that K,,/Q has its Galois group isomorphic to G(m). 
Moreover, if (j,m) = 1, then Q(¢/,) = Km, since jr = 1(mod m) implies 
(C1,)” = Cm. Because [Km : Q] = y(m), and every conjugate of Gn is an 
m-th primitive root of unity, we obtain that the set of conjugates of Gn 
coincides with {¢J, : (j,m) = 1}, This establishes the assertion about Fy). 
The statement concerning the isomorphism between the Galois group and 
G(m) results now immediately. 

(iii) If m|n, then Gn = Ch/™, implying Km C Ky. Conversely, if Km C Kn, 
then denoting by N the order of the group E(K,,) we get with a suitable a 
the equality ¢, = ¢f,, implying n|N. Obviously K, = Ky and so (ii) gives 
y(n) = p(N). Because of n|N this is possible if either N = n, or n is odd and 
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N = 2n. In both cases ¢,n is a power of Cy, so m|N thus either m|n or m|2n, 
in which case for m odd we get m|n, and if m is even, then m = 2 (mod 4), 
which is excluded by our assumption. 

(iv) Let H be the subgroup of G(n) corresponding to Ky. Clearly r lies 
in H if and only if g-(Gm) = Gm. Now observe that with gq = n/m we have 
6m = C4 and gr (Cm) = gr (C4) = C74, showing that r belongs to H if and only 
if rg = q(mod n), which is equivalent to r = 1(mod m). 

(v) Let d = (m,n) and D = [m,n]. By (i) the fields Ku, Km and Kp, 
are contained in Kp. If for r|D we denote by H, the subgroup of G(D) 
corresponding to K,, then (iv) implies that Ky, K, corresponds to the 
group H,,,H,, equal to 


{smod D: s=rire,r, =1(mod m), ro = 1(mod n),(s, D) = 1}. 


We have to show that H,,H, = Hg. The inclusion H,,H, C Hg being im- 
mediate, take s € Hy and solve the systems of congruences 


z=s (modm), xr=1 (mod n), 


and 


y=1 (modm), y=s (mod n), 


which is possible in view of s = 1(mod d). Now we get 
zmod De A,, ymod De H,, and zy=s mod D, 


proving s € H,,Hy. 

(vi) Ifm <nand Ky, = Kp, then (iii) implies that n = 2 (mod 4), since 
nt{m. Writing n = 2q with odd qg we get K,, = K,. Applying again (iii) we 
get q|m, because g # 2 (mod 4). Now it suffices to observe that g|m < n = 2g, 
hence q = m, as asserted. O 


Corollary. One has 


m if m is even, 


#E(Km) = ea if m is odd. 


Proof : If T = #E(K,,), then T > m and Kr = K,,. If T > m, then (vi) 
implies T = 2m with odd m. O 


The polynomial F,,(X) occuring in the last theorem is called the m-th 
cyclotomic polynomial. We have seen above how its irreducibility over Q 
follows from the theory of fields, but there are several shorter direct proofs. 
We present here one, due to K.Grandjot [12], based on Dirichlet’s prime 
number theorem and the fact that the binomial coefficients (2) are for k = 
1,2,...,p—1 divisible by p: 
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Let V € Z[X] have ¢» for one of its roots. It suffices to show that for 
every j prime to m the number CJ, is also a root of V. For every prime p 
congruent to 7 mod m™ we have 


0=V(6m)? = V(¢?,) =V(G,) (mod pRx,,), 
and this shows that the algebraic integer V(¢/,) is divisible by infinitely many 


prime ideals, hence it vanishes, as asserted. O 


7. If the extension L/K is normal with Galois group G, then the question 
arises of determining the structure of L as a K[G]-module and of S as an 
R[G]-module, the group ring acting by 


(So ag9)2 = SF agg(z). 
gEG geEG 
The structure of L as a K[G]-module is described by the following theorem 
of Noether: 


Theorem 4.28. If K is an infinite field, and L/K is its finite normal se- 
parable extension with Galois group G, then L is isomorphic to K|[G] as an 
K[G]-module. 


(For finite K this is also true, but the proof is different.) 


Proof : We follow Waterhouse [79] and start with a result of Dedekind on 
linear independence of automorphisms: 


Lemma 4.29. If 91,...,9n are distinct automorphisms of a field L, and for 
certain cy,...,cnw € L one has 


c1gi1 (x) +--+ +cngn(xz) =0 (4.3) 


for alla € L, thence, =---=cy = 0. 


Proof : Assume that the assertion is false, and select a sum 


N 


Yo 6595 (2) 


j=l 


with non-zero c; € L, which vanishes for all « € L, and for which the number 
N of summands is minimal. Clearly N > 2. If we choose now y € L with 
g(y) # g2(y), then 


N N 
0= > ci9i(ey) = deigi(a)9i(y); 


164 4, Extensions 


and since obviously gi(y) 4 0, we get 


> cigi(a)9:(y) 94 (y) + =0. 


Subtracting this equality from (4.3) we arrive at a vanishing linear combina- 
tion of automorphisms with fewer non-zero terms, contradicting the choice 
of N. | 


Now let gi = €, 92,---,9n be all the elements of G, and observe that the 
set of all vectors of the form 


(91 (x), 92(),---,9n(2)), 


with x € L, generates the linear space L”, because the lemma shows that 
they cannot all lie in a proper subspace. 
This shows that there exist elements c1,21,...,;Cn,%n of LD satisfying 


n n 
Sauas and S-cig; (wi) = 0 (j = 2,3,...,7). 
i=1 i=1 
The polynomial 


P(Xj,...,Xn) = det p> tate) 
i g,heG 


i=1 
does not vanish identically, since P(ci,c2,...,¢n) = 1. Since K is infinite, 
there are elements w1,...,Un in K such that P(u,...,uUn) # 0, and this 


gives, with A = Oy, wai, 
det [A-*9(A)] nec = P(u,...,Un) #90. 


This implies that the set {g(A) : g € G} is K-linearly independent. 
Indeed, if we had })-¢ dgg(A) = 0, with dy € K, not all zero, then for every 
h € G we would obtain 

do aah" *g(A) = 0, 
geG 


and so det [A-*g(A)] , neg = 9, a contradiction. 
Finally observe that the map K[G] —> L, defined by 


> agg t> Ss; agg(A) 


gEG gEG 


is K-linear, preserves the action of G and is surjective, since its image con- 
tains n K-linearly independent elements and dimx L = n, whence it is an 
isomorphism of K[G]|-modules. O 
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One can ask whether an analogous result is true for the ring S, i.e. whether 
Sis isomorphic to R[G] as an R[G]-module. The answer is negative in general, 
as the example K = Q, L = Q(i) shows. If K = Q and the answer is positive, 
then one says that the extension L/Q has a normal integral basis. 

We give now a simple necessary condition for S ~ R[G]: 


Proposition 4.30. If L/K is normal with Galois group G and S ~ R[G}, 
then the trace map Ty; : S —+ R is surjective. 


Proof : If f : R[G] —> S is an isomorphism of R[G]-modules and a = f(e), 
e being the unit element of G,, then for x € R we have with suitable a, ¢ R 


(9 €G) 
t= f(>> 499) = > agf(ge) = >> ag9(a), 


gEG gEG géG 
thus for allh EG 


a= h(x) = > aghg(a) = 5) an-1,9(), 
gEG gEG 
and we infer that the coefficients a, are independent of g, whence 
L = Ae ys g(a) = eT, /K (a) = Ty/K (ea). 
gEG 
Thus the trace is surjective. Oo 
Corollary 1. If L/K is normal of degree n with Galois group G, and S is 


isomorphic to R[G], then the discriminant d(L/K) cannot be divisible by an 
n-th power of a prime ideal. 


Proof : Applying Corollary 3 to Proposition 4.13 we find that Dz /x is not 

divisible by proper ideals of R. By Proposition 4.13 (iii) we obtain 
d(L/K)S = Nr/x«(Dr/x)S = Dix: 

thus if p were a prime ideal of R with p"|d(L/K), then we would have 

p’S|DT i and pS|Dz/x, a contradiction. Oo 


Corollary 2. If K/Q is normal of degree n and has a normal integral basis, 
then d(K) is not divisible by the n-th power of a prime. 


Proof : The assertion results from the preceding corollary and Proposition 
4.14. oO 


We shall see later that if L/K is normal, then the trace map is surjective 
if and only if the extension L/K is tame (see Corollary 3 to Proposition 6.2). 
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The condition given in Corollary 2 above is in general not sufficient for 
the existence of a normal integral basis. 

We prove now certain simple results, permitting us to obtain normal in- 
tegral bases in some extensions of Q. 


Proposition 4.31. (i) IfQ Cc K CL, both extensions L/Q, K/Q are nor- 
mal, and L/Q has a normal integral basis, then K/Q also has a normal 
integral basis. In fact, if an integral basis of L/Q is formed by conjugates of 
a € L, then the conjugates of T,;K(a) form a normal integral basis of K. /Q. 

(ii) If the normal extensions K;/Q (i = 1,2,...,m) have normal inte- 
gral bases, and their discriminants are pairwise relatively prime, then their 
composite L = K,---Kym has a normal integral basis. 


Proof : (i) Let G be the Galois group of L/Q, and let {g(a): g € G} bea 
normal integral basis of L. Let H be the subgroup of G fixing K. An integer 
t= Yoeq Agg(@) (Ag € Z) lies in Rx if and only if for all h € H we have 
(a) = a, and since 
h(a) = > An-sg9(a), 
geG 

this occurs precisely when for all h € H we have Ang = Ag. It follows that 
if X, = H, Xo,...,Xm are cosets mod H in G, then every x € Rx can be 
uniquely written in the form « = )7j", Aiw; with w; = >),¢x, g(a) with 
A; € Z. This shows that w1,...,W, is an integral basis of K. Since the w,’s 
are all conjugated to w; = Ty (a), the assertion (i) follows. 

(ii) This follows from the observation that the integral basis of L, con- 
structed from the normal integral bases of the fields K; with the use of Corol- 


lary to Theorem 4.26 is invariant under the action of the Galois group of L. 
O 


Corollary. The m-th cyclotomic field Q(Gm) has a normal basis if and only 
if m is square-free. 


Proof : Theorem 2.20 shows that if m = p is a prime, then the set 


2 —1 
Cpr Cpa 99 SD 


is a normal integral basis, hence the existence of a normal integral basis in 
Km for m square-free results from part (ii) of the proposition. 

If m is not square-free, then for a certain prime p we have p?|m, implying 
L = K,2 C Ky, and in view of part (i) of the proposition it remains to 
show that L does not have a normal integral basis. Now Theorem 2.20 gives 
[L : Q] = p?—pand |d(L)| = p° with c = 2p? — 3p, and since 2p? — 3p > p? —p, 
Corollary 2 to Proposition 4.30 shows that L does not have a normal integral 
basis. a) 
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We shall prove in Chap. 6 (Theorem 6.18) that every Abelian extension of 
the rationals is a subfield of a suitable cyclotomic field, and from this result 
a criterion for the existence of a normal integral basis in Abelian fields will 
follow. 


4.3. Factorization of Prime Ideals in Extensions. 
More about the Class-group 


1. We shall now consider the question of establishing effectively the decom- 
position of a prime ideal p of R into prime ideals of S. In many cases this can 
be done with the use of Theorem 4.33 below, whose certain special cases go 
back to Kummer, and which was proved by Dedekind for rings of algebraic 
integers. We need first an analogue of Lemma 4.20: 


Lemma 4.32. Let p be a prime ideal of R, a an element of S, generating 
the extension L/K and n = [L: K]. Further let A = Ria] and let f be the 
conductor of A. Then the following conditions are equivalent: 

(i) pSO.A = plal, 

(ii) The embedding of A in S induces an isomorphism f : A/(ANpS) —> 
S/pS, t.e., every coset of S mod pS contains an element of A, 

(iti) The embedding of A in S induces an isomorphism A/(ANp™S) —> 
S/p™S, i.e., every coset of Smod p™S contains an element of A for m= 
ie ee 

(iv) Form =1,2,... we have ANp™S = p™ [a], 

(v) pt NrjK(f), 

(vi) The rational prime p, lying in p does not divide the index [S': R[al]. 


Proof : (i) => (ii). Since #(S/pS) = N(pS) = (Np)” and #(A/(ANpS)) = 
#:(A/pla]) = N(p)”, the homomorphism f is surjective, and since it is obvi- 
ously injective, we obtain (ii). 

(ii) = (iii). For m = 1 the assertion is true by assumption. Assume now 
that (iii) holds for a certain m > 1, and choose c € p\p?, write cR = pl (with 
p{ I), choose d € I\p, let d’ € R satisfy dd’ = 1(mod p”), and finally let b be 
an arbitrary element of S. By assumption there exists a polynomial V € R[X] 
such that b = V(a) (mod p™S), and therefore b; = (b— V(a))d™c~™ lies in 
S. If we now choose W € R[X] so that b; = W(a) (mod pS), then we arrive 
at 

b= V(a)+bic"d-™ = V(a) + (cd’')"W(a) (mod p™*'S), 


whence (iii) holds for m+ 1. 

(iii) > (iv). It suffices to note that p™[a] is contained in ANp™S and the 
indices of both these rings are equal to N(p)'” by (iii). 

(iv) = (i). This implication is obvious. 
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(iii) > (v). Let F € R[X] be the minimal polynomial of a, write 
Nyjx(F'(a))R = pl 


with p { I, choose b € I\p, and let c € S. By (iii) there exists d € A such that 
b(c — d)/Nz/K(F'(a)) lies in S, therefore 6(c — d)/F’(a) € S and we obtain 
b(c — d) € F’(a)S C A by Corollary to Proposition 4.17. Since b € R and 
d € A, we get bd € A, and finally be € A. As c € S was arbitrary, this implies 
b € f. It remains to observe that Nz/x(b) = 6" ¢ p and Nz/x(b) € Nz/xK(f); 
hence p { Nz /x(f). 

(v) > (ii). If p { Nzx(f) and pS = [J], BF", then none of the ;’s divides 
f. Corollary 3 to Proposition 1.14 gives the existence of b € f, with b—1 € $; 
for all $8;’s dividing p. Then b € f C A, hence we may write b = V(a) with 
a certain V € R[X], and therefore every c € S may be put in the form 
c = W(a)/b = W(a)/V(a) for suitable W € R[X]. Since (bS,pS) = 1, we 
have for a suitable r > 0 the congruence V(a)” = 1(mod pS), whence 


c= W(a)V(a)"—' (mod pS). 


We have proved the equivalence of the conditions (i) - (v), and it remains 
to prove that the last condition is also equivalent to them. 

(vi) > (v). Write m = [S : R[a]], and note that if b € S, then mb € A, 
therefore m € f, and thus f divides the ideal mS. Taking norms we get 
Nz/K(f)|Nzj«K(mS) = m”S, showing that every prime ideal of R dividing 
Nz /x(f) must also divide mR. 

(ii) & (iv) > (vi). Again put m = [S : R[a]], and assume that the rational 
prime p lying in p divides m. Then there exists c € S \ A with pc € A. It 
follows from (ii) that there are polynomials V,W € R[X] of degrees < n—1, 
such that pe = V(a), and c = W(a)+ 6 with b € pS. Since c ¢ A, we have 
V ¢ pR[X]. Let pR = [], p;* be the factorization of pR in R, and observe 
that V(a) — pW(a) = pb, hence 


g 
V(a)epsn Ac] pisnAacry, 
t=1 
for j = 1,2,...,g. Now we use (iv) to obtain V(a) € p;’ [a], so all coefficients 
of the polynomial V(X) lie in pj’ for j = 1,2,...,g. But this implies that all 
coefficients of V lie in pR, and therefore c € A, contradiction. O 


We may state now the main result of this section: 


Theorem 4.33. Let a € S be a generating element for the extension L/K, 
and let f € R[X] be its minimal polynomial. Moreover let p be a prime ideal 
of R satisfying the equivalent conditions of Lemma 4.32, and denote by k the 
field R/p. Let y be the map R[X| —> R[X]/p[X] = k[X] resulting from the 
application of the canonical map R —> k to every coefficient. If 
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of) = FP Age, 
where the f;’s are distinct monic and irreducible polynomials over k, then 
pS = BE BY, 
where 3; are distinct prime ideals of S, frjx (Pi) = deg fi, and 
B= pS+F(a)S (%@=1,2,...,9), 


where F; € R[X] is any polynomial satisfying p(F;) = fi. 


Proof : Consider the residue maps 
git RIX] —> BIX]/fikIX] = ky 


for i = 1,2,...,g, and denote by ®; the composition y; oy : R[X] —> kj. 
Observe that the kernel of ®; equals I; = p[X] + Fi(X)R[X] of R[X]. In 
fact, I; is evidently contained in Ker @;, and if V € Ker ;, then y(V) € 
Ker y;, whence for a suitable h € k[X] we have y(V) = h(X)f,(X), ie. 
V(X) = A(X) + B(X)F;(X) with certain A € p[X] and B € R[X]. Thus 
Ved. 

The principal ideal generated by f in R[X] is divisible by I;, hence the 
homomorphism ®; induces a map of R[X]/fR[X] into k;. But R[X]/fR[X] 
is isomorphic to R[a], and so, using this isomorphism, we obtain a map 


Wi 7 Rial — ki, 


which is easily seen to be surjective. Its kernel consists of elements V(a) with 
V € I;, hence equals p[a] + F;(a) Ra}. 

After these preparations we define now a map of S$ into k; in the following 
way: 

Let b € S, choose, using Lemma 4.32 (ii), a polynomial V € R[X] with 
b = V(a) (mod pS), and define 


;(b) = vi(V(a)). 

The map Y; is well defined, since if V(a) = 0(mod pS), then Lemma 4.32 (i) 
implies V(a) € pS N A = pla], and so ¥;(V(a)) = 0. 

The map YW; is surjective, because 7; was such. This shows that the ideal 
3; = Ker Y, is a non-zero prime ideal in S. Now note that P; = pS+F;(a)S. 
In fact, we have 

$B, = {ce S$: c=V(a) (mod pS), V € R[X], Via] € pla] + F;(a) A} 
=pS+pla]+ Fi(a)A = pS + F,(a)A = pS + F;(a)S, 


since Lemma 4.7 (ii) implies S = A+ pS, which in turn gives F;(a)S C 
F,(a)A+pF,(a)S C F(a)A+pS. 
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If for some i # j we had $3; = $,, then, in view of (f;, f;) = 1 and the 
finiteness of k, there would exist polynomials A,B € R[X] and C € p[X] 
such that 

A(X) F(X) + B(X)F)(X) =14+ C(X). (4.4) 


But F;(a) € $; and F;(a) € $j, hence putting X = a in (4.4) we obtain 
1 € ;, which is absurd. 
Since the element 


F(a) --- F,(a)* (4.5) 
belongs to pS, the prime ideals B1,...,%, are the only possible prime ideals 
dividing pS, and this shows that with suitable exponents a1,...,ag we must 


have pS = [[¥_, Pf. The degree fr/% (Pi) equals [k; : k] = deg f;, hence it 
remains to show that e; = a; holds for i = 1,2,...,g. The ideal Pf" divides 
the product (4.5), but, as we have seen, 8; can divide only the factor F;(a)* 
of that product, thus P?*|F;(a)“S. It follows that the ideal pS + F;(a;)“S is 
divisible by Pi", but it divides PFS + F;(a)“S, hence we must have e; > a; 
for i = 1,2,...,g. Observe finally that Theorem 4.5 gives $°?_, a; deg f; = 
[L : K], and obviously 5°?_, e;deg f; = [L : K], which together with the 
inequalities last obtained shows a; = e;. O 


2. Now let us turn to applications of Theorem 4.33 to extensions of Q. Lemma 
4.32 (vi) shows that its assumptions are in this case satisfied by all prime 
ideals pZ of Z with at most finitely many exceptions, and the exceptional 
primes p are exactly those which divide the index of a. By varying a we may 
apply Theorem 4.33 to all primes p, except those which divide the indices of all 
integers. The possibility of such situation was already noted in Sect.2.2.5 and 
now we shall characterize such primes. It is useful to introduce the following 
definition: the greatest common divisor of indices of integers of K will be 
called the index of K, and denoted by i(K). 

If a € Rx, then a rational prime p divides the index of a if and only if 
there exists a polynomial V € Z[X] of degree not exceeding [K : Q|—1, whose 
coefficients are not all divisible by p, but p divides V(a). This observation 
will be now used to establish the following theorem: 


Theorem 4,34. Let p be a rational prime, let 
pRK — i eee ote 


be the factorization of pRx into prime ideals in an extension K/Q of degree 
n, and put fi = fxjo(Pi). Then p does not divide the index i(K) of K if and 
only if there exist distinct monic irreducible polynomials Vi,...,Vg over Fy, 
satisfying deg V; = f; fori =1,2,...,9. 


Proof : If p { i(f), then there exists an integer a in K with its index not 
divisible by p, and Lemma 4.32 (vi) and Theorem 4.33 imply the existence 
of polynomials with required properties. 
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To prove the converse implication let W; € Z[X] be fori =1,2,...,g a 
polynomial, which after reduction mod p gives V;, write pRx = fj‘ Ii, and 
choose a; € Rx, generating the extension K/Q and satisfying 


To show that such choice is possible observe that the field ki = Rx /P; 
is the only extension of F, of degree f;, hence every irreducible polynomial 
over F,, of degree f; has a root in k;. Therefore the congruence 


W,(X) = 0 (mod §;) 


is solvable in Rx, and we may take for a; one of its solutions. An irre- 
ducible polynomial over F, cannot have multiple roots, hence if the condi- 
tion W;(a;) ¢ $8? is not satisfied, then we may replace a; by a; +7, with 
me Bs \ P?. 

Now let a = a; (mod $8?) for i = 1,2,...,g be an element generating K/Q 
(which can be assured by Proposition 2.2 (ii)), and put Q; = pRx+W;(a)Rx. 
We shall show that %; = Q;. Obviously we have ;|Q; and 8? { O;, and, 
moreover, for 1 # j we have 3; { Q;, since otherwise we would have 


W;,(a) = 0(mod $;) 


and W;(a;) = 0(mod $8,;), but in view of W;(a;) = 0 (mod 8,;) this would 
imply that V; and V; have a common root in k;, which is not possible, since 
they are relatively prime. Since 0; divides pRx, therefore it is not divisible by 
prime ideals different from Bi,...,%,, and so we get P; = Q,;. Now consider 
the polynomial W = |[?_, W;*. Clearly W(a) = 0 (mod pRx). 

Observe now that if p|i(K), then for a suitable polynomial S € Z[X] \ 
pZ{X| with deg S < n—1 we have S(a) = 0(mod pRx). Denote by $(X) 
the reduction mod p of S(X), put V(X) = [][7_, V;*(X), and let 


D(X) = (V(X), S$(X)). 
With suitable A, B € F,[X] we have 
A(X)V(X) + B(X)S(X) = D(X), 


and so if A, B, D € Z[X] be polynomials whose reductions mod p are equal 
to A, B and D, respectively, then with certain C(X) € Z[X] we get 


A(X)W(X) + B(X)S(X) = D(X) + pC(X), 


and therefore D(a) = 0(mod pRx). Since D(X) divides V(X) we get 
D(X) = cJ]$_, Vi(X)% with 0 < c; < e; and some non-zero c € Fy, and 
thus with some F(X) € Z[X], and c’ € Z \ pZ we can write 


D(X) =e [| Wi(X)* + pF(X). 


tal 
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Therefore JF‘ divides []?_, W;(a)%, and since for i 4 j we have 
(Bi, W;(a)Rx) _ 1, 


we get P;*|W;*(a)Rx, leading to c; = e; and D = W. However deg D < 
deg S <n—1< degW =n, a contradiction. O 


To apply the last theorem one has to know the number r,(n) of non- 
associated irreducible polynomials over F, of degree n. This number was 
found by Gauss, and we now prove his formula: 


Proposition 4.35. For every prime p and n> 1 one has 


ron) = = So wlan”, (4.6) 
d|n 


where p(d) is the familiar Mobius function. 


Proof : Consider the field k = Fp» which is of degree n over F,. Every ir- 
reducible polynomial over F, of degree d dividing n has exactly d distinct 
roots in k. Noting that non-associated irreducible polynomials cannot have 
common zeros, we obtain 


p” = #Fp» = > drp(d), 
d|n 


and the application of the Mobius inversion formula gives (4.6). Oo 


The formula (4.6) permits us to bound the prime divisors of i(K) from 
above: 


Proposition 4.36. If p is a prime dividing i(K), then p < [K : QI. 


Proof : Let 1<k<n=[K : Q]. Among the degrees of prime ideals dividing 
pRx there can be at most n/k equal to k. If pii(K) and p > n, then by 
Theorem 4.34 there must exist k < n with rp(k) < n/k < p/k. However, 
the sum on the right-hand side of (4.6) is non-zero and divisible by p, thus 
p(k) > p/k, a contradiction. O 


Corollary. If K is a cubic extension of Q and p is a prime divisor of i(K), 
then p = 2. The prime 2 divides i(K) if and only if one has 2Rx = Bi PoP, 
with distinct prime ideals ¥;. 


Proof : Observe that there are two irreducible linear polynomials over Fz. O 


4.3. Factorization of Prime Ideals 173 
Our next application of Theorem 4.33 deals with splitting primes: 


Theorem 4.37. If K Cc LE are algebraic number fields, then there are in- 
finitely many prime ideals of Rx, splitting in Rr. 


Proof : It suffices to prove the assertion in the case K = Q and L/Q normal. 
In fact, if 1//Q is a normal extension containing L, then Proposition 4.3 
shows that if pZ splits in M/Q, then every prime ideal of Rx, lying over pZ 
splits in L/K. Thus, using Theorem 4.33, we can reduce our assertion to the 
following form: 

If P € ZX] is non-constant, then for infinitely many primes p the con- 
gruence P(x) =0(mod p) has a solution. 

Assume this to be false for a certain polynomial P. Then its values can be 
divisible only by finitely many primes, say p,...,p,. Select xo with |P(zo)| > 
2, and write, with suitable non-negative a; 


P(x0) = e| [ pt, 
i=1 


with e = +1. 
If now M = J[j_, p?*** and x = 2o(mod M), then with suitable b; we 
have 


«| [os = P(x) = P(x) (mod M), 


and if |P(x)| = [[j_, p, then we get bj = a; for i = 1,2,...,r. Thus for 
infinitely many x we have P(x) = +P(aq), showing that P must be constant, 
a contradiction. O 


We conclude this subsection with a result, which is often helpful in factor- 
izing prime ideals. It is based on an extension of the notion of an Eisenstein 
polynomial. If F(X) = a,X" +---+ a9 € Rx[X], and for a certain prime 
ideal p of Rx we have an ¢ P, Gn—1,...,49 € p and ag ¢ p?, then F is called 
p-Eisensteinian, or Eisensteinian with respect to p. In the same way as in the 
classical case Rx = Z one proves that such polynomial is irreducible over K. 


Proposition 4.38. Ifa € Rr generates the extension L/K, and its minimal 
polynomial F(X) = X co Sean a;X! over Rx is p-Eisensteinian for a prime 
ideal p of Rx, then p ramifies completely in L/K, i.e., one has pRr = $8" 
with a certain prime ideal $8 of Ry. 


Proof : Let $8 be a prime ideal of Ry, lying over p, and let B° be its highest 
power dividing pR;. By Corollary 1 to Theorem 4.5 we have e < n, so it 
remains to establish the inequality n < e. From a” € pRy we infer a € &, 
and, moreover, all coefficients a; lie in 8°, so if we had n > e +1, then the 
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ideal $8!+¢ would contain ap = —(a”+-+-+.1@) and we would have ao € p?, 
contrary to the assumption. O 


3. We turn now to the principal applications of Theorem 4.33, namely to 
explicit factorizations of prime ideals. We start with quadratic fields: 


Theorem 4.39. Let K be a quadratic extension of the rationals with discri- 
minant d = d(K), and let p be a rational prime. If p\d, then we have pRx = 
7, and if p{d, then two cases arise: 

If p is odd, then 


pRe = Pi Peo i ( 
Bp itl 


Sila BIa 


and if p = 2, then 


_ fPiP2 ifd=1(mod 8), 
Re = { wee = 5 ued 8). 


Proof : If D is the square-free part of d, ie., D = d if d = 1(mod 4) and 
D = d/4 otherwise, then VD generates K, and in view of Theorem 2.18 
its index equals either 1 or 2, the last case arising if d = 1(mod 4). As the 
minimal polynomial for VD equals X? — D, our assertion concerning odd 
primes p follows immediately from Theorem 4.33, and the same happens for 
p = 2, provided 4|d. The remaining case (p = 2 and d = 1 (mod 4)) requires 
the observation that (1 + VD)/2 has index 1, and its minimal polynomial 
equals X2 — X + (1 — D)/4, which is irreducible over F2 if and only if D is 
congruent to 5 mod 8. O 


Now we consider cyclotomic fields. 


Theorem 4.40. Let K = Q(Gn) with m £ 2 (mod 4), and let p be a rational 
prime. 

Ifptm and f is the order ofp mod m, i.e., the least positive integer with 
p? =1(mod m), then pRx is the product of y(m)/f distinct prime ideals of 
Rx having degree f. 

If plm, m = p*m,, with p{my, and fy, is the order of pmod mj, then 


pRe = (B1--- By)", 
with e = y(p"), g = v(m1)/fi and distinct prime ideals B;’s of degree fy. 


Proof : We start with a lemma, which is also applicable in a more general 
situation: 


4.3. Factorization of Prime Ideals 175 


Lemma 4.41. Let K be an algebraic number field, not containing the m-th 
primitive root of unity Gm and let L = K(Cn). Putn =([L: K], and let p be 
a prime ideal of Rx, not containing m and of the first degree over Q. If f is 
the order of N(p) mod m, then in L we have the decomposition 


pRr = Bi--- Py, 
with g=n/f and all prime ideals 8; distinct and of degree f over K. 


Proof : Since the extension L/K is normal and p is unramified, we have only 
to show that the degree of any prime ideal $B, lying over p in L, equals f. Put 
A = Rx|¢m] and observe that the conductor f of A divides mR. Indeed, if 
F € Rx|X] is the minimal polynomial of ¢,,, then there exists G € Rx[X] 
such that F'(X)G(X) = X™ — 1, and this shows 


61/5 (Gm)G(Cm) = mon; 


Since ¢m is a unit, we see that d7/x%(Gm)Rx divides mR_, and Proposition 
4.18(i) gives now f|mR,. Therefore Np/x«(f)|m"Rx, and we obtain that p 
satisfies the condition (v) of Lemma 4.32. Hence for every x € Ry there is a 
polynomial V € Rx[X], such that 


z=V(Cm) (mod pRr). (4.7) 
From the properties of multinomial coefficients we obtain now 
NOY = VG )NOM = V(CNOM) =V Gn) =e (mod pRr), 


and clearly the same congruence holds also mod . Put t = fr/« (9) and 

use Theorem 1.18 to obtain that N($8) = N(p)* is the minimal exponent 

r > 1 for which y” = y(mod $B) holds for all y € Ry. This forces t < f. If 
t 

we would have N(p)’ # 1(mod m), then CN” would be a primitive m-th 


root of unity different from ¢,,, and so the difference es oo Gm would lie 


in $8. This would imply in turn that the discriminant of the m-th cyclotomic 
field Q(Cn) lies in 8M Z, but this ideal is generated by a rational prime not 
dividing m, in contradiction to Theorem 4.27. Hence N(p)’ = 1(mod m), 
thus f < t and we obtain t = f. O 


Our assertion concerning primes not dividing m follows immediately from 
the lemma. The case p|m is more complicated. Denote by K the field Q(Gn, ) 
and put q = p®. Since [K : Q] = v(m) and [Ki : Q| = v(m), it follows that 


[K : Ki] = 9(m)/p(m) = (@) = [Q(Cq) : OI, 


and we see that the g-th cyclotomic polynomial F,(X) is irreducible over 
ky. Since p does not divide m; we may apply the already proved part of the 
theorem to the field Ky, and obtain 


176 4. Extensions 


PRK, = P+" Pg 


with distinct prime ideals p; and g = y(m1)/f.In K we have the factorization 


PRK = (Pi --- Ps)", 


with some s and e to be determined. But we know that 
sefx/g(Bi) = [K : Q| = v(m) = v(m) ¢(Q), (4.8) 
and since p is not ramified in K,/Q, we must have 
el[K : Ky] = 9(q). 


Consider now the following factorization of the prime p in K: 


p= F,(1) = Il (1—¢F) = (1 — ¢,)° Ifa +g te. +h), 

k k 
where both products are taken over integers from the interval [1, q], not divisi- 
ble by p. The number 1 —¢, is not a unit, hence the second product occurring 
in the last equality must be a unit, as p cannot be factorized in more that 
~(q) non-unit factors in the field Q(¢,). Denoting this unit by €, we arrive 
finally at 

p=e(1- Gq)", 
and so 
pRx = (1— Ca)? ORK = (Pi Ps)*. 

Since e|y(q), we obtain e = y(q), and (4.8) leads us to sfx /9(Pi) = y(m1), 
hence fx/a(Pi) = y(m1)/s. In view of 


fx/Q(Bi) = fryjo(pi) = fi 


we arrive finally at s < ine =g,ands=g. Oo 


For later reference we state separately the factorization of the prime p in 
Q(¢p«), obtained in the last theorem: 


Corollary. If p is a prime and a > 1, then in K = Q(Gea) we have pRx = 
B°, where e = (p*), and P is the principal ideal generated by1—G ee. O 


As the third example we consider Kummerian extensions, i.e., extensions 
L = K(a) of a field K containing all n-th roots of unity, with a being a root 
of an irreducible polynomial of the form X” — c with c € K. Such extensions 
are always cyclic, and every cyclic extension of degree n of a field containing 
the n-th roots of unity must necessarily be of this form. The proof of this 
fact. can be found in any textbook of Galois theory. 
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Theorem 4.42. Let L/K be a Kummerian extension of degree n, generated 
by a € Ry with a” = c € Rr. Moreover, let p be a prime ideal of Rx, 
not containing cn and define r as the maximal divisor of n, for which the 
congruence 

™=c (mod p) 


has a solution in Rx. Then pRy is a product of r distinct prime ideals. 
Proof : We need first a simple lemma: 


Lemma 4.43. Let k = Rx/p and k' = R,/, where PB is a prime ideal of 
Rt, lying above p. Denote by @ the image of a in k’ and let t be a divisor of 
n. Ifu=n/t, then the congruence 


Xt=c (mod p) 


has a solution in Rx if and only if the element b(a) = (a) lies in k. 


Proof : If b(a) € k, then every element of Rx lying in the residue class b(a) 
satisfies our congruence. Conversely, if z € Rx satisfies z = c mod p, and & 
denotes the image of z in k, then ¢ = (a)” = b(a)’, whence (Z/b(a))* = 1. 
But the finite field k contains all t-th roots of unity since by our assumption 
K contains the splitting field of X" — 1. Thus Z/b(a) € k and b(a) Ek. =O 


We retain the notation of the lemma. Let f be the minimal positive expo- 
nent with af = u € k, and observe that the polynomial X£— u is irreducible 
over k. In fact, ifn = Af + B with 0 < B < f, then a? € k, thus B = 0. 
Hence f divides n, and k contains a primitive f-th root of unity, say w. Since 


fol 
Xf-u=xf-af= [| - 2’), 
i=0 


the constant term of any presumable factor of X/ — c would have the form 
+a"y with y € k and 1 < u < f. But our choice of f gives u = f, and 
thus our polynomial is irreducible. Since a root of it generates the extension 
k'/k, we obtain fr/x ($8) = [k’ : k] = f, and the application of Lemma 4.43 
concludes the proof of the theorem. Oo 


A. The knowledge of factorization of prime ideals of Z in an extension K/Q) 

is very helpful in determining the class-number of K and the structure of its 

class-group H(K). We shall illustrate this on the examples which follow. 
First we consider imaginary quadratic fields: 


Proposition 4.44. Imaginary quadratic fields with discriminants d = —3, 
—4, —7,—-8, —11,—-19, —43, -67 and —163 have a trivial class group. 
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Proof : For d = —3, —4, —7, —8 this is an immediate consequence of Lemma 
3.8. In the remaining cases we again use this lemma. According to it in 
every class of ideals in the considered fields there is an ideal whose ab- 
solute norm does not exceed 2/n/|d| < 0.63662,/|d]. Applying this to 
d = —11,—19, —43, —67, —163 we obtain the bounds 2,2,4,5 and 8, respec- 
tively. Since our discriminants are all congruent to 5 mod 8, Theorem 4.39 
shows that the number 2 generates a principal prime ideal, and therefore we 
obtain h = 1 in the first two cases. For d = —43 we have to consider ideals 
of norm 3 and 4, but Theorem 4.39 shows that 3Rx is a prime ideal, and 
therefore there are no ideals of norm 3, and 2Rx is the unique ideal of norm 
4. This proves h = 1 for d = —43. In the remaining two cases our assertion 
results in the same way from 


-2)-()-- 


and 


for p = 3,5, 7. Oo 


It is much more difficult to prove that those fields are the only imaginary 
quadratic fields with class-number one. 


To obtain a less trivial example of the class-group consider the field K = 
Q(V—14) of discriminant —56. Lemma 3.8 shows that every its class of ideals 
contains an ideal of absolute norm not exceeding 4. Theorem 4.39 implies 
2RxK = p3 with a prime ideal po, which is not principal, since N(p2) = 2, and 
there are no principal ideals in Rx having norm 2, because of 


Nxjq(a@+yV—14) = x? + 14y? 42 


for z,y € Z. For the same reason we get 3RxK = p3p3 with non-principal 
ideals pz and p. Finally, the only ideal of norm 4 is 2Rx, which is principal. 
Therefore the set {p2,p3,p3} represents all non-principal classes, thus 2 < 
h < 4. Denote by X,Y the ideal classes containing p2 and ps, respectively, 
and let E be the principal class. If we had X = Y, then in view of X? = E 
the product pop3 would be principal, but its norm equals 6, and 6 is not 
represented by the form x? + 14y, so pops is not principal, hence X # Y. 
Therefore there are at least 3 distinct classes, namely EF, X and Y. Since X is 
of order 2 we must have h = 4, hence H(K) = {E, X,Y, Z}, where Z = Y~! 
is the class containing p3. In view of Y 4 Y~! we see that H(K) is cyclic. 
A similar argument can be applied also to real quadratic fields. However. 
in this case additional difficulties arise, connected with testing the existence 
of principal ideals of a given norm. We illustrate this on the example of 
K = Q(V10) with d(K) = 40. Lemma 3.8 shows that we have to look at ideals 
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of norms 2 and 3. By Theorem 4.39 we have 2Rx = p32 and 3Rx = psp3. 
The ideals po, p3, 3 are not principal, since the equation x” — 10y”? = a does 
not have rational integral solutions for a = +2,+3, because 2 and 3 are 
quadratic non-residues mod 5. If X,Y, Z are ideal classes, containing po, p3 
and ps, respectively, then we have X 2 — ZY = E. Now observe that the only 
ideals with norm 6 are pop3 € XY and pops € XZ = XY~1. It happens that 
the principal ideals generated by 4++/10 and 4— /10 are both of norm 6, and 
are distinct, the ratio (4+ /10)/(4—/10) being not integral. This establishes 
XY = E and XY~! = E, and so finally we see that X = Y = Y~1, hence 
A(K)=C,. 

In the general case one has to determine whether a quadratic form repre- 
sents a given integer, and this may be sometimes rather an awkward task. 

Now we consider a few pure cubic fields K = Q(%/m) with m square-free 
and not congruent to +1 mod 9. Theorem 2.19 shows that in this case the 
discriminant equals —27m?, the index of 6 = #/m equals 1, and Lemma 3.8 
shows that every ideal class contains an ideal of norm smaller than 3m/2. 
Moreover a simple computation shows that 


Nxjo(a + yO + 207) = x? + my? + m?z? — 3ayzm. (4.9) 


If m = 2, then we have to check only ideals of norm 2, but the polynomial 
X3 — 2 is a third power mod 2, hence Theorem 4.33 gives 2Rx = p® and 
since p is generated by 6 we get h = 1. 

If m = 3, then we have to consider ideals of norms < 4. In view of 


X38 —3=(X—1)(X?4+.X+41)(mod2) and X?—3= X3 (mod 3) 


we get 2Rx = pop> with N(p2) = 2, N(py) = 4, and 3Rx = p3 with N(ps) = 
3. In view of Nxg(6 — 1) = 2 we get po = (9 — 1)Rx, hence pz and py = 
(2RK) pa 1 are both principal. Since p3 is generated by 6 we obtain h = 1 also 
in this case. By the same method one shows that form = 5 and m = 6 one 
obtains fields with a trivial class-group. 

Now consider m = 7. Here we have to check ideals with norms < 10. 
Factorizing the polynomial X? — 7 in F, for p = 2,3,5 and 7 we obtain 


2RK =f2b, with N(p2) =2,N(po) = 4, 
3Rx =p with N(p3) =3, 

5Rx =Psps with N(ps) =5,N(ps) = 25, 
7Re =p? with N(p7) =7. 


Now observe that every cube of a rational integer is either divisible by 7 or 
is congruent to +1 (mod 7), hence it follows from (4.9) that every norm of 
an integer of K is congruent to 0, 1 or —1 mod 7, and therefore the ideals 
po, P5, P3, Ps, and ps are non-principal. The ideal p7 is obviously principal, 
being generated by 9. Let X be the ideal class containing p3. Then X° = E, 
E being the unit class. It follows from (4.9) that Nxg(1 — @) = —6 and 
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Nx /Q(2+6) = 15 and therefore the products pops and psps5 are both principal. 
Thus po € X~1 = X? and ps € X?, implying p, € X. This shows that every 
tested prime ideal lies in the cyclic subgroup of H(K) generated by X. But 
every other ideal yet to be tested is a product of those prime ideals, and so 
H(k) coincides with this subgroup, i.e. h = 3 and H(K) = C3. 

Now we consider a sample of cyclotomic fields. 


Proposition 4.45. Cyclotomic fields Km, = Q(¢m) with m < 8 have a trivial 
class-group. 


Proof : The cases m = 3, 4,6 are covered by the preceding proposition, and 
in the case m = 5 the assertion is an immediate consequence of Lemma 3.8, 
since the Minkowski constant in this case is less than 2. For m = 7 we have to 
consider ideals with norms < 4. Since the number 3 generates a prime ideal 
and 2Rx = pq with N(p) = N(q) = 8, hence again we get h = 1. Finally, 
in the case m = 8 we have to test ideals of norm < 2. Theorem 4.33 gives 
2RK = p3, N(p2) = 2, and it follows from the Corollary to Theorem 4.40 
that p2 is principal. Thus also in this case the class-group is trivial. Oo 


5. We conclude this section with some results concerning the behaviour of the 
class-group under extensions. As we already have seen, an embedding K Cc L 
induces a monomorphism iz;/x of the group of fractional ideals G(K) into 
G(L), which maps principal ideals into principal ideals. This induces in turn 
a homomorphism of the class-group H(A) in H(L), which we shall denote 
by 25 /K° Immediately from the definition follows the following proposition: 


Proposition 4.46. (i) The map i; /K 1% injective if and only if no non- 
principal ideal of K is mapped by 17 /K ONG principal ideal of L. 

(it) The map 77 /K 18 surjective if and only if to every fractional ideal I 
of L there corresponds a non-zero element a € L and an ideal J of Re such 
that l=aJR_. 

(iit) The map «7 jx 18 trivial if and only if every fractional ideal of K 
becomes a principal ideal in L. O 


The following theorem, in a quite different formulation, was used by Kum- 
mer for founding his theory of ideal numbers: 


Theorem 4.47. Every algebraic number field K has an extension L/K with 
[L: K] < h(K) and trivial th yK- 


Proof : Let 
H(K) =Ch, x +--+ x Ch, 


be a factorization of H(K) with cyclic factors, and let, for j = 1,2,...,r, X; 
be a generator of the group Ch,. For each j = 1,2,...,1r choose an ideal J; in 
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X,;. Then the ideal i is principal, so let a; € Rx be its generator, and let 6; 
be a root of the polynomial Xs —a;. Denote by L the field K(b1,...,6,), and 
observe that [L : K] < hiheg---h, = h. Now let I € Rx be a non-principal 
ideal, and let 
X= XP. Xr 
be the class to which it belongs. Then the fractional ideal I If 1 a ™3 is 
principal, generated by, say a € K. Now observe that for 7 = 1,2,...,r we 
have 
(b;Rz)" += a; jkr = = Pi "Rr, 


thus [;R, = b;R,. This implies 
Tr Tr 
IR, = {a][ Zt” | Rp =a] [oF Re, 
me ear 
hence J becomes principal in L. O 


Now we define the norm-homomorphism for ideal classes. Since the map 
Nz /x carries principal ideals into principal ideals, it induces a homomorphism 
of the corresponding class-groups, which we shall again denote by Nz/x. By 
Proposition 4.7 (v) we get Nz/K © tL K(X) = X", where n is the degree 
of L/K. Moreover, we immediately obtain from the definition the following 
properties of the norm map: 


Proposition 4.48. (i) The map Nz; is injective if and only if every non- 
principal ideal has a non-principal norm. 

(ii) The map Nz/K is surjective if and only if for every ideal I of Rx 
there exists a non-zero a € K such that the ideal al is the norm of a fractional 
ideal of L. 

(tit) The map Nyx is trivial if and Gay if the norm of every ideal of Rr 
is principal. O 


In a similar way one defined the analogous homomorphisms of the narrow 
class groups. 
For prime p denote by H,(K) the p-component of the group H(K). 


Proposition 4.49. Let n = [L : K] and let p be a prime not dividing n. 
Then 

(i) The map 17,4 restricted to H,(K) is an embedding of H,(K) into 
H,(L). 

(it) The map Nyx restricted to H,(L) maps this group onto H,(K). 


Proof : (i) If the class X lies in H,(K)NM Ker it, ,,, then 
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X" = Nix (tr/«(X)) = E, 


but the order of X is a power of p, and in view of p{n we get X = E. 
(ii) Let X € H,(K) and let p” be its order. There exist rational integers 
A,B with Ap" + Bn = 1. Then Np/x(ii,)¢(X®)) = XP" =X. 


Corollary 1. If the class-number h(K) is prime to the degree of L/K, then 
the map 17/7. 1s injective and h(K) divides h(L). O 


Corollary 2. [fp { n = |[L : K], then H,(L) ts the direct product 
H,(K) and Ker Ny/x 9 H,(L), and if (h(K),n) = 1, then H(L) 
H(K) x Ker NijK- 


one 


In the case of a cyclic class-group H(K) one can improve part (ii) of the 
last proposition, yielding the following counterpart to Theorem 4.47: 


Theorem 4.50. If H(K) is cyclic, and L is a field containing K in which 
every ideal of K becomes principal, then h(K) divides [L : K], hence [L : 
K] > h(K). 


Proof : We need an auxiliary result: 


Lemma 4.51. Let p be a prime and let Cha be a cyclic factor of H,(K). If 
[L: K)=n=pN with pt N, then the group tr KC 2) is cyclic, and has 
at least p*—° elements. 


Proof : If X be a generator of Cp«, then obviously 77 / x (X) is a generator of 
the group 77 / x (Cpe). If this group has p° elements, then 


b+c 


XNP™ = XP" = Nyx (ih n(X” )) = EB, 


and thus b+ c>aandc>a-— b}, as asserted. 0 


The assumptions of the theorem imply that for every prime p the image 
tt x (Hp(K)) is trivial. Writing [L : K] = p’N with p{ N and H,(K) = Cpa 
we obtain from the lemma the inequality a < b, thus h(K) divides [L : K], 
as asserted. O 


It should be pointed out that Theorem 4.50 may fail if H(K) is not 
cyclic. We demonstrate this on an example due to Furtwangler [16]: consider 
the field K = Q(./—21). We shall show that H(K) = C2 x C2, thus h(K) = 
4, but every ideal of Rx becomes principal in three quadratic extensions 
of K, namely in Ly = K(/—3), Ly = K(V—7) and Lz; = K(V/21). The 
discriminant of K equals —84, hence Lemma 3.8 shows that we have to test 
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ideals of norms not exceeding 6. By Theorem 4.39 we obtain 2Rx = p3, 
3Rx = p32 and 5Rx = pss. Since the norms of prime ideals occurring here, 
namely 2,3 and 5, cannot be expressed in the form a? + 21b?, none of them is 
principal. For the same reason the products pops, pops, pops, Paps and psps 
are non-principal. Let X, Y, Z, T’ be the ideal classes containing po, p3, ps 
and pi, respectively. Then X? = Y? = ZT = E, and X,Y, Z are distinct, 
thus h(K) > 4. On the other hand, evidently h(K) < 5, and since h(K) 
is even, X being of order 2, we obtain h(K) = 4, and we see that H(K) 
is non-cyclic, generated by X and Y. It remains to prove that in the fields 
L1,L2 and Ls the ideals pz and p3 become principal, but this is implied by 
the following decompositions: 


2=(8+3V7)(3—-V7)?, 3=-(V—3)? in Li, 
2=(2— /3)(14+ V3)?, 3 =(Vv3)? in Lo, 


i=) (2+) : 
in Lz, 


2 = —i(1+4)?, 2=( 2 2 


and the observation that the numbers 
8+ 3V7,2 — V3, -i, (5 — V21)/2 


are units. 


6. Finally consider a normal extension L/K with Galois group G. This group 
acts on the group of fractional ideals of L, and since the subgroup consisting 
of all principal ideals is invariant under G, hence G acts also on the group 
H(L) of ideal classes. A class A € H(L) is called ambiguous if it is invariant 
under G, and obviously the set of all ambiguous classes forms a group, which 
we shall denote by Am(L/K), and call the group of ambiguous ideal classes. 
For prime p we shall denote by Am,(L/K) the p-component of Am(L/K). 

Observe that the image of H(K’) in H(L) under the map 77, is contained 
in Am(L/K). It may happen, however, that this image does not cover the 
full group Am(L/K), as may be seen from the following example: let K = Q 
and L = Q(./—14). We showed earlier that H(L) = C4 and the only prime 
ideal dividing 2Ry, lies in a class X, generating H(L). This ideal is invariant 
under the action of the Galois group, and so the class X is ambiguous, but 
it does lie in the image of the trivial class-group of K. 

In some cases it is possible to say more about Am(L/K). 


Proposition 4.52. Let L/K be normal of degree n. Then 
(i) If (n, h(K)) = 1, then tt). (H(K)) ts a direct factor of Am(L/K). 
(ii) If (n,h(K)) = (n,h(L)) = 1, then Am(L/K) = ih ¢(H(K)) ~ 
A(K). 
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(iii) If n = p* is a prime power, p{ h(K) and Am(L/K) ~ 77. (H(K)), 
then p{ h(L), and the quotient h(L)/h(K) is a rational integer, congruent to 
unity mod p. 


Proof : (i) From the proof of part (ii) of Proposition 4.49 one can readily see 
that our assumptions imply 


Nr/K ° th /;%(H(K)) = H(k). 
We infer in turn that the map 
f =i ONtyjK: Am(L/K) — Am(L/K) 
is an endomorphism with image 77 ,,(H(K)). The kernel of f equals 
{X € Am(L/K): X” = E}, 


because for ambiguous X we have f(X) = i] 4 (X"). Since i]. (H(K)) and 
Ker f have their orders relatively prime, we see that the extension 


1—+ Ker f —> Am(L/K) — i}, /,x(H(K)) 1 


splits. 

(ii) It suffices to observe that Ker f must be trivial in our case and apply 
(i). 

(iii) Observe first that if a finite p-group G acts on a finite Abelian group 
Hf as a group of endomorphisms, then #H is congruent mod p to the number 
of its elements which are invariant under G. To see this let o(h) be the orbit 
of an element h € H under the action of G, ie., o(h) = {g(h): g eG}. Ifh 
is G-invariant, then #0(h) = 1 and otherwise #o(h) is divisible by p, and so 


#H = S- 1 (mod p). 


h 
#o(h)=1 


Applying this observation to our situation, we see first that h(L) is 
congruent to #Am(L/K) mod p, and since #Am(L/K) = h(K), we ob- 
tain p { h(L). The quotient h(L)/h(K) is a rational integer by Corollary 
1 to Proposition 4.49, and for the same reason we have H(K) Cc H(L). 
Now observe that the quotient group H(L)/H(K) has no non-trivial ele- 
ments invariant under G = Gal(L/K). Indeed, otherwise there would exist 
a class X € H(L) such that for every g € G we have g(X) = XY,, with 
Yy € ty, x (H(4). If g is a non-trivial element of G, and p* is its order, then 
we get 

X=gP(X)=XyP', 


thus Y?" is the unit class E, and since p { h(L), we infer that Y, = E. 
Therefore g(X) = X holds for every g € G, implying X € Am(L/K) = 
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H(K). The preceding argument shows now that the order of H(L)/H(K) 
has to be congruent to unity mod p. O 


If (n,h(K)) > 1, then similar results hold for the groups H,(K), H)(L) 
and Am,(L/K) for every prime p { n. In particular one has the following 
result: 


Corollary. If L/K is normal of degree n and p is a prime not dividing n, 
then the groups H,(K) and H,(L) are isomorphic if and only if every class 
of H,(L) is ambiguous. oO 


4.4. Notes to Chapter 4 


1. The main results of this chapter are due to Dedekind [71], [78]. Theorem 
4.10 was proved in Landau [18a], and another bound appears in Newman 
[56]. The evaluation of the class-number is closely connected with that of the 
regulator, since, as proved by Siegel [36] for quadratic fields and by Brauer 
[47a] in the general case, for fields K of a fixed degree one has 


|a(K)|'?-* < R(K)h(K) < |d(K))*° 


for all « > 0 and sufficiently large |d(K)|. We shall establish this result for 
Abelian fields in Chap. 8 (see Theorem 8.14). In that chapter more informa- 
tion will be given about the asymptotical behaviour of the class-number. 

For the minimal field K for which a given ideal J C Ry lies in the image 
of ip;~% see Mann [50]. 


2. Theorem 4.11 was proved by Pellet [78], and later rediscovered by Sti- 
ckelberger [97], Voronoi [04] and Skolem [52]. See also Carlitz [53c] (where a 
similar result was obtained for p = 2), Cvetkov [83], Dalen [55], Hensel [05b], 
Herbrand [32d], Lasker [16] and Swan [62]. 

The definition and principal properties of the different and conductor 
appear in Dedekind [78], where one finds in particular Theorem 4.16, Propo- 
sition 4.18 and Lemma 4.19. Ideals which can serve as conductors were char- 
acterized in Dedekind [82] (cf. Furtwangler [19], Grell [27]). For other results 
on conductors see Bauer [36], Hensel [87], Ore [27]. 

Proposition 4.13 (iv) appears first in Hecke [17b], and for Corollaries 1 
and 2 to it see Halter-Koch [67] and Yokoi [60]. We shall see later that if L/K 
is tame, then the trace map Rz —> Rx is surjective, and the converse holds 
for normal extension (see Corollary 3 to Proposition 6.2). More generally, if 
L/K is tame, then for every ideal I of Rx one has Ty/x (I) = IN Rx (Ullom 
[69]). Proposition 4.17 goes essentially back to Euler. Possible forms of the 
discriminant d(L/K) were determined in Ore [27] and W.R.Thompson [31]. 
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3. Theorem 4.22 was stated by Weil [43] and a proof was published by 
Kawada [51]. The proof given here, as well as that of the different theo- 
rem (Theorem 4.24), is a modification of that of Kawada (cf. Kinohara [52], 
Narkiewicz [69], Neukirch [67]). 

The first proof of the different theorem was given by Dedekind [82]. For 
other proofs of that theorem, or of the discriminant theorem (Corollary 2 to 
Theorem 4.24) see Artin [59], [67], Bauer [23], Chebotarev [37b], Hecke [23], 
Hensel [94a], Hilbert [97], Narkiewicz, Schinzel [69]. For a generalization see 
Noether [27b]. 

Theorem 4.24 does not shed any light on the highest power of a prime 
ideal dividing Dr;~%. An upper bound for it was obtained by Hensel [02], who 
confirmed a conjecture of Dedekind [82] (see Proposition 6.4). See also Bauer 
[19a], [21b], Ore [25b,c], [26a,d], [27], Yokoi [66]. 

For Theorem 4.26 and other properties of the differents and discriminants 
of composite fields see Bauer [21c], Hensel [89], [93], [97d,e], [99], Kataoka [80], 
Liang [73], Motoda [75], Pumpliin [66], Rados [30], Téyama [55]. 

The analogue of Corollary 4 to Theorem 4.24 fails for relative extensions, 
although it holds in certain particular cases. Examples of fields K having 
no proper unramified extensions were given in Kuroda [62] and Nakahara 
[73]. Class field theory shows that such fields must have h*(K) = 1, since 
otherwise there exist Abelian unramified extensions. In fact, the maximal 
unramified Abelian extension of K has its Galois group isomorphic to H*(K). 
For non-Abelian unramified extensions see Elstrodt, Grunewald, Mennicke 
[85], Hajir, Maire [02], Maire [00], J.H.Smith [69], Taussky [37b], Uchida 
[70], Y.Yamamoto [70]. Maximal unramified extensions M/K of imaginary 
quadratic fields with h = 2 were determined (for d(K) = —427 under GRH) 
in Yamamura [96].It turned out that M is either the first or the second Hilbert 
class-field of AK. The same task for fields with small conductors was fulfilled 
in Yamamura{97]. 


4, The irreducibility of cyclotomic polynomials F,, was for prime m estab- 
lished by Gauss [01] (cf. Kronecker [45a,b], [56b]). The first proof in the 
general case was given by Kronecker [54]. We presented the proof found by 
Grandjot [24]. Other proofs may be found in Arndt [58b], Dedekind [57], 
Landau [29], Lebesgue [59], Levi [31], Schur [29a], Spath [27], Toepken [37]. 
A survey of early proofs gave Ruthinger [07]. 

Irreducibility of cyclotomic polynomials in extensions of Q was considered 
in Kronecker [54], Nagell [64a], Petersson [55], [59], Pumpliin [63], Weisner 
[28]. For the factorization of F,, mod p, which can also be obtained from The- 
orems 4.33 and 4.40, see Ballieu [54], Chowla, Vijayaraghavan [44], Guerrier 
[68]. For Theorem 4.40 see Bauer [39], Nagell [19], [64a], Rados [06]. 


5. Additive Galois-module structure. Theorem 4.28 is due to E.Noether [32], 
and the presented proof was found by W.C.Waterhouse [79]. For other proofs 
see Berger, Reiner [75], Cassels, Wall [50], Chapman [96], Chevalley [33], 


4.4. Notes to Chapter 4 187 


Deuring [32], Stauffer [36], Winter [72]. This theorem implies the existence of 
an element w € L with L = K[Glw. The possible w’s were studied in Bushnell 
[77b], [79], [83], Everest [83], Girstmair [96], Halter-Koch, Lorenz [81], Okada 
[80]. 

Deuring [32] utilized Theorem 4.28 to deduce the main theorems of Galois 
theory. 

Martinet [69] showed that a normal extension L/K with Galois group G 
is tame if and only if Ry, is a projective Rx [G|-module. 

For certain large classes of fields tame ramification is sufficient for the 
existence of a normal integral basis (NIB). This happens, for example, for 
absolute Abelian fields (the Hilbert-Speiser theorem, Hilbert [97], Satz 132, 
Speiser [16]; see the Corollary to Proposition 8.1). For an algorithm in this 
case see Schlickewei, Stepanov [93]. The same holds for fields with dihedral 
Galois group D, (Miyata [80]; for n being an odd prime: Martinet [69], [71b]; 
for n = 2: Frdhlich, Keating, S.Wilson [74] (cf. Cougnard [00]); for n = p*: 
Taylor [78a]), as well as for all fields of square-free degree (Ph.Cassou-Nogués 
[77], [78], Taylor [80a], [81a], [82a]). For other classes of fields see Coug- 
nard [72], [73], [74], [80], Fréhlich [74a], [75], [76a], Ichimura [95], [96],[01b], 
Ichimura, Kawamoto [03], Jaulent [81a], Kawamoto [84], Queyrut [72]. 

In Gémez Ayala [96] it was shown that if p is an odd prime, K C LC 
Q(¢,), and [L : K] = 2, then L/K has a NIB. Necessary and sufficient 
conditions for the existence of relative normal integral bases in an extension 
L/K in the case when L has Galois group C? and [L : K] = 2 were given in 
Ji [98]. The case n = 2 was earlier treated in Srivastav, Venkataraman [97] 
(cf. Spearman, Williams [96a]). A criterion in case of Kummer extensions of 
prime degree appears in Goméz Ayala [94] (cf. Replogle [01]). For normal 
bases of cyclotomic fields over their subfields see Brinkhuis [83], Cougnard 
[85], [86], Greither [90]. 

For a relation between power bases and normal integral bases in unrami- 
fied cyclic extensions of prime degree see Childs [77], Ichimura [00b], [Ola]. 

For relative NIB see also Itoh [98]. 

It has been established in Greither, Rubin, Srivastav [99] that Q is the 
only algebraic number field such that its every tame Abelian extension has 
a NIB (cf. Conrad, Replogle [03]). On the other hand, if L/K is Abelian with 
Galois group G, then Ry is a free Z[G|-module (Taylor [78b]). 

The first example of a tame extension of the rationals without a NIB 
produced Martinet [71a]. His example had the quaternion group Hg for Galois 
group. In Martinet [77b] a method is given to produce infinitely many such 
examples. For other examples see Brinkhuis [81a], Cougnard [83a]. 

Confirming a conjecture of Serre, Frohlich [72] proved that if K/Q is a 
tame extension with quaternion group Hg, then K has a NIB if and only if the 
so-called ”root-number” W(x), corresponding to the unique irreducible sym- 
plectic character y of Hg, equals unity (cf. Fréhlich [76b], Martinet [77b]). 
This in turn is equivalent to the non-vanishing at s = 1/2 of Artin’s L- 
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function corresponding to x (Armitage [72]). This condition can be also ex- 
pressed in an elementary way (Frohlich [72], Martinet [77b]). 

Two modules over a ring R are called stably isomorphic if with suitable 
free modules F,, F. one has M@ Fi ~ N © Fo. If pf is a prime ideal of a 
Dedekind domain R, then denote by Ry, the closure of R in the corresponding 
completion of K,, the field of quotients of R. Denote by Cl(R[G]) the group of 
classes of stably isomorphic locally free rank one R[G]-modules, i.e., finitely 
generated modules M, whose p-completions are free R,[G]-modules with one 
free generator. It was proved in Noether [32] that if L/K is normal with 
Galois group G, then Ry is a locally free Rx[G]-module if and only if the 
extension L/K is tame. Hence for every normal tame extension L/K one can 
consider the class [Rz] of Ry in Cl(Rx[G]). Clearly, [Rz,] = 1 is necessary 
for the existence of a NIB, but this condition is, in general, not sufficient. 
The set of values of [Rz] when L/K runs over tame extensions with a fixed 
Abelian group was described in McCulloh [87]. The case of an elementary 
Abelian p-group was treated in McCulloh [83] (cf. Sodaigui [88]). 

The ring Rx is called stably free over Z[G], if Rx ® Z[G] ~ Z|G] 6 ZG]. 
The first example of a Galois extension K/Q with stably free Rx, which is 
not free, was given by Cougnard [94]. In this example the Galois group G is 
a quaternion group of 32 elements. 

Frohlich conjectured that [Rz] is related to Artin root numbers, appearing 
in the functional equation of Artin’s L-functions associated with the extension 
L/K, and this has been proved by Taylor [81a] (for a generalization to the 
wild case see Taylor [95]). His result implies in particular [R,]? = 1 and shows 
that if L/K is a tame normal extension, whose Galois group G does not have 
any irreducible symplectic! characters, then Ry is a free Z[G]-module. The 
last result applies, in particular, when G is either Abelian, or dihedral, or of 
odd order, as in these cases there are no symplectic characters. The Abelian 
case was settled already in Taylor [78b]. 

A simple criterion for the existence on a NIB in a tame extension of degree 
12 with quaternion Galois group was given in Cougnard, Queyrut [02]: the 
product of primes with ramification index equal to 3 has to be congruent to 
unity mod 3. 

The connections between normal integral bases and Artin root-numbers 
in the tame case were presented in the book by Frohlich [83a] (for earlier 
expositions see Cougnard [83b], Frohlich [74b], [77a], Martinet [73]). 

Chinburg [85] defined three new invariants of normal extensions L/K, 
which lie in the locally free class group of Z[G], and stated three conjectures 
about them. One of these invariants, denoted 2(L/K, 2), coincides with [Rx] 
in the tame case, and the corresponding conjecture states that the analogue 
of the main theorem of Taylor [81a] holds for Q(L/K,2). This subject was 


' Recall that a real-valued character y of G is called symplectic if it corresponds 
to a matrix representation of the form G —> GLny(H) —> GLIn(C), where H 
denotes the ring of quaternions. 
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treated in the book of Snaith [94]. See Burns [95a,b], Burns, Holland [97], 
Greither [96], [98], Holland [92], [94], Holland, S.M.J.Wilson [94], Hooper, 
Snaith, van Tran [00], Kim [91], [92], Ritter, A.Weiss [97], Snaith [95a,b] for 
various results concerning Chinburg’s invariants. It follows from them i.a. 
that all three Chinburg’s conjectures are true for real Abelian fields of odd 
prime conductor. 

For the wildly ramified case see also Bergé [78], Cassou-Nogués, Queyrut 
[82], Cassou-Nogués, Taylor [00], Fréhlich [78], Holland, S.M.J.Wilson [93], 
Queyrut [81a,b], [82], S.M.J.Wilson [80], [89], [90]. 

There is another class-group of the group-ring Z[G] used in this context. 
Theorem 4.28 shows that if K/Q is normal with Galois group G, then K = 
Q|Glw holds with a suitable w € K, and it follows that there exists an 
invertible Z[G]-ideal I Cc Q(G] with Rx = Iw. It is clear that K has a NIB if 
and only if I is principal. Hence, if we introduce the class-group cl(Z[G]) as 
the factor group of the group of all invertible fractional Z[G]-ideals contained 
in Q[G] by the subgroup of such principal ideals, then K will have a NIB if 
and only if the image (Rx) of I in cl(Z|[G]) equals 1. If for a given group G 
we put 

R(G) = {((Rx): K/Q tame , Gal(K/Q) = G}, 


then the question arises how large R(G) can be. The case G = CP (p prime, 
n > 1) was settled in McCulloh [82]. 

On class-groups of group rings the reader is advised to consult Reiner [76] 
and Taylor [84], and the literature quoted there. 

If L/K be a normal extension with Galois group G, then 


Aysk ={a€ K[G]: aR, C Ry} 


is called the associated order of the extension L/K. If K = Q and G is 
Abelian, then Leopoldt [59] showed that Rx is a free Ax-module, and a 
simple proof can be found in Lettl [90a]. This remains true for Abelian ex- 
tensions of cyclotomic fields (Bley [95], Byott, Lettl [96], Chan, Lim [93)]), 
but J.Brinkhuis [87] showed that it may fail for certain other Abelian exten- 
sions. Cf. Bergé [72], [78], [81], Cougnard [75], [76], [77], Frohlich [76b], [77cl, 
Girstmair [92a], Jacobinski [63], Jaulent [81a,b], Leopoldt [59], Martinet [72], 
Taylor [81b]. Moreover, if L/Q is Abelian, and Q c K C L, then it has been 
shown in Lett] [98] that Ry is locally free over Az/x, i-e., the closure of Rr 
in the completion Ly, is free over the corresponding associated order for every 
prime ideal p of Rx. 

For Galois structure of ideals see Jaulent [81b], Ullom [69], [74a]. 

In Leopoldt [59], [62] one finds an explicit description of the Z[G]-module 
Rx as a direct sum of cyclic Z[G]-modules in the case of absolute Abelian 
extensions. This case was also considered in Acciaro, Fieker [00], Bertrandias 
[79], Chatelain [70], [73], Jakubec, Kostra [92], [98], Ullom [69], Yokoi [60]. 

Kummerian extensions were treated in Childs [77], [80], [81], Frohlich 
[62b], McCulloh [77], Taylor [80b]. 
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M.Newman, O.Taussky [58] and R.C.Thompson [62] described extensions 
K/Q which cannot have more than one NIB apart from those obtained by 
permutations and sign changes. These results can be also deduced from Hig- 
man [40]. 

New necessary conditions for the existence of NIB were found by Brinkhuis 
[81a,b], [83], [84], who related the Galois structure of Rx to the embedding 
problem for fields. 

For other results concerning the Galois structure of Rx and normal inte- 
gral bases see Brinkhuis [95], Chinburg [83b], Cougnard [82], Martinet, Payan 
[67], Maurer [78b], Taylor [82b], [83], Ullom [80], [81], Vostokov [77]. 


6. Kummer [47b], [56] actually defined ideal prime numbers in a cyclotomic 
field as formal factors of a rational prime p, imitating the factorization mod 
p of the corresponding cyclotomic polynomial. This allows us to consider him 
as the originator of Theorem 4.33, which appeared first in its modern form 
in Dedekind [78] (cf. Engstrom [30b], Zolotarev [74]). Kronecker [82] related 
the factorization of primes in extensions of Q to the factorization mod p of 
the corresponding norm forms, and this method was also used later in Bauer 
[19b], Hensel [94a] and Ore [26d]. 

Ore [23], [25a], [27] employed a method which is p-adic in nature and 
based on the behaviour of the defining polynomial mod p” for sufficiently 
large N (cf. Bauer [36], Bauer, Chebotarev [28]). In Ore [28a] he used an 
approach based on the study of Newton’s polygons, associated with a suitable 
polynomial. This method was put into a more general context in Montes, Nart 
[92]. 

The simple proof of Lemma 4.32 was communicated to the author by 
Schinzel. 

Theorem 4.34 is due to Dedekind [78] (cf. also Hensel [94b], [97b] and Ore 
[27]). Proposition 4.35 was first proved in Gauss [01]. 

Proposition 4.36 is due to Zyliriski [13], and Nakamura [74] generalized 
it to relative extensions. Unramified prime divisors of the index i(A’) were 
described in Hensel [84] (cf. Hensel [94b]). See also Carlitz [33], [52], Nagell 
[66]. 

The maximal power p* of a given prime p which can divide i(K) was in 
certain cases determined in Engstrom [30a]. For n = 3, p = 2 his result gives 
a = 3 (cf. Spearman, Williams [02b] and Tornheim [55] for the cubic case). 
Sliwa [82a] determined the exponent a for all unramified primes p. See also 
Del Corso, Dvornicich [02], Gadl, Pethé, Pohst [91], Nart [85]. Upper and 
lower bounds for the minimal index of an integer were obtained in Thunder, 
Wolfskill [96]. 

It has been shown in Nakahara [87] that for every N there exist cyclic 
quartic fields K whose all integers have their indices exceeding N, but 
i(K) = 1. The same result for Abelian noncyclic quartic fields was obtained 
in Nakahara [83]. 
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7. To use Theorems 4.33 and 4.34 one has to factorize polynomials over finite 
fields. There are several algorithms for this purpose. See the books of Knuth 
[69], Lidl, Niederreiter [83], McEliece [87] and Shparlinski [92], as well as the 
survey of von zur Gathen, Panario [01], and the literature quoted there. 


8. The proof of Theorem 4.37 presented here is due to T.Nagell. An analytical 
proof will be given in Chap. 7. Other proofs, some of which apply also to 
more general situations, can be found in Dress [64], Dujéev [56], Moriya 
[50], Nagata, Nakayama, Tuzuku [53], Voloch [00]. A counterpart to Theorem 
4.37 is also true: there exist infinitely many prime ideals which do not split 
completely in a given extension (see Corollary 5 to Proposition 7.16). 

Class-field theory determines the prime ideals splitting in an Abelian ex- 
tension L/K as those whose classes lie in a certain subgroup of H7(K) with 
a suitable J. This property characterizes Abelian extensions (see e.g. Cassels, 
Fréhlich [67]. Cf. Gauthier [78]). Bruckner [66] described absolute normal 
extensions in which the splitting primes are exactly those which are repre- 
sentable by binary quadratic forms from a given set. 

Hasse [26a,b] proved that for any algebraic number field K there are 
infinitely many extensions L/K of a fixed degree in which prime ideals from a 
given finite set factor in a prescribed way, subject only to conditions resulting 
from Theorem 4.5 (cf. Ore [26c]). 


9. Theorem 4.39 for the field Q(z) was known already to Gauss [32]. In this 
case, as for all other fields with class-number 1, prime ideals correspond 
to classes of irreducible integers, and their description can be carried out 
in elementary way (see e.g. Hardy, Wright [60, Chap.XII). An analogue of 
Theorem 4.39 for relative quadratic extensions is given in Hilbert [99]. 

Theorem 4.40 goes back to Kummer [47b], [56] (see also Bachman [66], 
Bhaskaran [71]). Also Theorem 4.42 was proved by Kummer [59] in a special 
case. The general case is essentially due to Hilbert [99, Satz 149]. Cf. Hensel 
[18], [21a], Rella [24a]. 

Factorizations in cubic fields were considered in Agou [71], Dedekind [00], 
Hasse [30b], Latimer [29], Llorente, Nart [83], Martinet, Payan [67], Reichardt 
[33], Wahlin [22], Westlund [13]. 

The case of normal fields with Galois group C3 was considered in Zhang 
X. [82]. 

Factorizations in Abelian extensions are described by class-field theory, 
but in the case of the rational base-field this can be done in an elementary 
way, which will be presented in Chap. 8. 

There is no comparable approach in the non-Abelian case and our knowl- 
edge is reduced to extensions of a rather special form. On this topic see 
Bruckner [68], Biisser [44], Frohlich [60a], Furuta [59], [61], [77], Gut [32], 
[33], Halter-Koch [71b], Ito [77], S.Kuroda [51], S.-N.Kuroda [70], Mann, 
Vélez [76], Sato [81], Vélez [77], [78], van der Waall [74a]. A connection with 
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the theory of modular forms was established by Shimura [66]. See Chowla, 
Cowles [77], Hiramatsu [82]. 

Relations between factorizations in two extensions and their composite 
were studied in Bauer [16b], [20], [21a], [40a,b], Hensel [89], Herbrand [31a], 
Maus [67], Ore [26b], Vassiliou [32]. 

In Maurer [73] it has been shown that the factorization of a rational prime 
in an extension is determined by the properties of trace form 

F(X,...,Xn) = det [Trejq(wivy)], ; ‘ 
where w1,...,W,, is an integral basis of K. 

For other questions concerning factorizations of prime ideals in extensions 
see Barrucand, Laubie [82], Bhaskaran [74], Hasse [51c], MacCluer [71], Parry 
[71a,b,c], Reichardt, Wegner [37]. 

A rational prime which splits completely in K, but remains irreducible 
is called a sci prime. Such primes were described for biquadratic fields in 
McCoy, Parry [01]. 


10. Proposition 4.44 is very old. A proof of it without using ideal theory was 
given by Lanczi [65] (cf. Zaupper [83]). Elementary proofs in special cases 
may be found in Gauss [32], Rudin [61]. For the converse of this result see 
Theorem 8.29. 

The knowledge of prime ideals having small norms suffices, in principle, 
for the determination of the class-number and the structure of the the class- 
group. Algorithms for that purpose are described in H.Cohen [93] and Pohst 
[93]. A rather quick algorithm (which is subexponential under GRH) was 
found by Buchmann [90]. In the case of Abelian fields the class-number can 
be expressed in terms of values of Dirichlet L-functions L(s.x) at s = 1 (see 
Theorem 8.10). 


11. The argument used in the proof of Theorem 4.47 was utilized by Hecke 
[18,II] in the definition of his ideal numbers, which he utilized for the construc- 
tion of a certain class of zeta-functions, called now Hecke’s zeta-functions. 
After the invention of ideles and adeles the ideal numbers slowly disappeared. 

Proposition 4.49 is due to Furtwangler [08], and has been rediscovered 
several times. Proposition 4.25 appears in Yokoi [68b] and Yokoyama [65]. 
Other results on these topics may be found in Chevalley [31], Dénes [52a], 
Drax] [70], Frdhlich [52], Iwasawa [55a], Ohta [78], Okamoto [76], W.Scharlau 
[73], Schipper [77], Yokoi [67], Yokoyama [65]. 


12. The structure of the class-group of a normal extension K/Q as a Galois 
module remains still largely unknown. One of the central problems here is 
the determination of the ideal of relations of H(K) in Z[G], i.e., the set of all 
elements 5° agg € Z[G] such that for every class X € H(K) one has 
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It follows from Propositions 4.7 (i) and 4.8 that this ideal always contains 
N= ea g, and in the case of an imaginary Abelian extension other non- 
trivial relations are provided by the Stickelberger ideal 


5S = ZG] Nn AQIG], 


with A = f71 >> ,%9a'; where f is the conductor of K, i.e., the smallest 
integer with K C Q(¢¢) (which exists by the Kronecker-Weber theorem; see 
Theorem 6.18) and gq is the restriction to K of the automorphism of Q(¢,), 
given by Cf +> C¢. The fact that S annihilates H (K) was established for 
cyclotomic fields by Stickelberger [90] (in the case K = Q(¢,) this is an 
immediate consequence of a result in Kummer [47b]; see Hilbert [97, Satz 
136]). For other proofs see Childs [81], Fréhlich [77b]. For the general case 
see Coates [77], S.Lang [78] and Washington [82], where further references 
can be found. 

Let K be a normal complex field with Galois G, let s € G act as the 
complex conjugation, put for any Z[G|-module M 


M~ ={aeM: s(a) = -a}, 


and let S be the Stickelberger ideal. Iwasawa [62] showed that if K = Q(¢,) 
with prime p, then the index of S~ in Z[G]~ equals h(K)/h(KT) (see Skula 
[81] for another proof). This result, was extended by Sinnott [78] to arbitrary 
cyclotomic fields, and C.G.Schmidt [79], Sinnott [80] and Iimura [81b] did 
the same for arbitrary complex Abelian fields. See also Kimura,, Horie [82], 
[87]. For further generalizations consult Cassou-Nogués, Taylor [91], Bayad, 
Bley, Cassou-Nogués [96]. 

An analogue of the Stickelberger ideal annihilating H7(K) was con- 
structed by C.G.Schmidt [82] for cyclotomic K. For other results of anni- 
hilators of the class-group see G.Gras [79a,b], Kobayashi [82], Oriat [81]. 

The action of the Galois group on H(K) was studied also in Cornell, 
Rosen [81], Dénes [52a], Gerth [75c], Iwasawa [66], Komatsu, Nakano [01], 
S.N.Kuroda [64b] and Lemmermeyer [03]. 

The group Am(L/K) was studied in the case of cyclic extensions of prime 
degree in G.Gras [72b], [73], [74a], [78], Moriya [30]. A formula for the num- 
ber of elements of ray class-groups and their epimorphic images, which are 
invariant under the action of the Galois group was given by G.Gras [94]. 

For other classes of fields see Furuya [82], Jaulent [81c], Payan [73]. 

The maximal factor group of H(K) on which the Galois group operates 
trivially is called the central ideal class group of K. It has been studied in 
Fréhlich [54a], [83b], Furuta [71], [76], [77], Garbanati [78a], Shirai [75], [78], 
[79]. 
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13. The class-field theory provides a canonical extension of K having the 
property stated in Theorem 4.47, namely the Hilbert class field K of K, de- 
fined as the maximal Abelian unramified (also at infinity) extension of K. 
The proof of his property for K has been reduced by Artin [30a] to a group- 
theoretical statement, proved later by Furtwangler [30] (Principal Ideal The- 
orem, Hauptidealsatz). Other proofs can be found in Borevich [57], Iyanaga 
[34], Magnus [34], Schumann [37], Taketa [32]. For various generalizations 
and analogues see Furuya [77], Herbrand [32c], Iyanaga [31], [39], Kempfert 
[62], Kuniyoshi, Takahashi [53], Miyake [80a], Takahashi [64], [65], Tannaka 
[33a,b], [34], [49], [50], [56], [58], Tannaka, Terada [49], Taussky [32], Terada 
[50], [52], [53], [54a,b], [55], [71], Zink [75]. 

If a class X ¢ H(K) lies in the kernel of 77 /K then X is said to capitulate 
in L. Thus the Principal Ideal Theorem asserts that all classes capitulate in 
K. The first result concerning capitulation is the Theorem 94 of Hilbert [97], 
stating that if L/K is cyclic and unramified of degree N, then the order of 
the kernel of i], divides N (cf. Taussky [69], [71]. 

Capitulation in various classes of fields was considered in Azizi [97], [00], 
Azizi, Mouhib [03], Benjamin, Sanborn, Snyder [94], Bond [81], Chang [77], 
Chang, Foote [80], Cremona, Odoni [90], Furuya [77], Gerth [93], G.Gras [97], 
Heider [84], Heider, Schmithals [82], Iwasawa [89], Jehne [77a], Kisilevsky [70], 
Schmithals [85], Scholz, Taussky [34], Terada [71]. 

It has been conjectured for a long time that if L/K is an Abelian unram- 
ified (also at infinity) extension, then at least [L : K] classes capitulate in L. 
This assertion, which generalizes both Hilbert’s Theorem 94 and the Princi- 
pal Ideal Theorem, has been proved by Suzuki[91]. A further generalization 
was obtained by Gruenberg and A.Weiss [00]). 

Surveys of the capitulation problem were given in Jaulent [88] and Miyake 
[89]. 


14. If h(K) # 1, then one can consider the Hilbert class-field of K and 
continue this process. It has been conjectured (see Hasse [26c]) that this 
process terminates, and that in this way one will be led to an extension 
L/K with h(L) = 1 (the class-field-tower problem, Klassenkérperturmprob- 
lem). It turned out, however, that the class-field tower may be infinite (Golod, 
Shafarevich [64]). This happens, e.g., if K is a quadratic field with sufficiently 
many ramified primes. Previously Scholz [29] noted that this tower may be 
arbitrarily long. For expositions of the Golod-Shafarevich theorem see Panella 
[66], Roquette [67], Serre [66]. Cf. Koch [69], [75], Kostrikin [65], Vinberg 
[65]. It was shown in Kuzmin [69] that if K/Q is normal and has at least 8 
ramified primes, then its class-field tower is infinite. Examples of quadratic 
fields with an infinite class-field tower and few ramified primes were given in 
Martinet [78], Matsumura [77] and Schmithals [80a] (see also Gerth [03]). It 
was shown in Schoof [86] that there are infinitely many real and imaginary 
quadratic fields with two ramified primes and infinite class-field tower (cf. 
Hajir [96], Schmithals [80a]). Cubic fields were considered in Maire [97], [98]. 
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For study of the first few layers of the class-field tower of quadratic fields 
see Benjamin [93], [99], Benjamin, Lemmermeyer, Snyder [97], [98a,b], Ben- 
jamin, Snyder [95], Brink, Gold [87], Gerth [98], Hajir [97b], Kisilevsky [76], 
Lemmermeyer [94a], [97a], Taussky [37a]. 

Class-field towers of other classes of fields were studied in Browkin [63], 
Brumer [65], Cornell [83a,b], Furuta [72], Lamprecht [67], Scholz, Taussky 
[34], Shafarevich [63b], T.Takeuchi [79], [80], E.Yoshida [03]. The growth of 
the p-class group in layers of a p-class-field tower was studied in Hajir [97a]). 


15. The ray class-fields mod I of a given field K are defined as the maximal 
Abelian extensions of K in which only primes ideals dividing a given ideal I 
are ramified. The Galois group of such a ray class-field equals H;(K) if no 
ramification at infinity is allowed, and equals H(A) otherwise. For imagi- 
nary quadratic fields the ray class-field are described by the classical theory 
of complex multiplication, which goes back to H.Weber ((96b,IN], [97]) and 
Fueter [07], [11], and which assumed its modern form in Hasse [27] and Deur- 
ing [49], [52]. For an introduction to complex multiplication see Borel et al. 
[66]. The paper of Hasse [27] gives a pair of generators for every such field, 
and Ramachandra [64] succeeded in giving in each case one generator, which 
is the value at a point of K of a holomorphic function, independent of K. 
This is an analogue of the case K = Q, where the Kronecker-Weber theorem 
(see Theorem 6.18) shows that the ray-class field mod mZ is equal to the 
m-th cyclotomic field. 

A generalization of the classical theory of complex multiplication, leading 
to the construction of class-fields for a large class of fields, was developed by 
Shimura and Taniyama [61]. See also Shimura [62], [68], [7la,b], [72]. 

For algorithms and/or explicit determination of class-fields see the book 
of H.Cohn [85], as well as the following papers: Barrucand, H.Cohn [73], 
H.Cohen, Diaz y Diaz, Olivier [98a], H.Cohn [79a,b], [81a,b], [83], H.Cohn, 
Cooke [76], Daberkow, Pohst [98], Eichler [56], Fieker [01], Gogia, Luthar 
[78], G.Gras [72c], Gut [43a,b], Hasse [33], [64], Hasse, Liang [69], Hecke [12], 
[13], Herz [66], Hilbert [99], Kaplan [77a], Liang, Zassenhaus [69], Madden, 
Vélez [80], Schertz [78a]. 

One of the main problems of algebraic number theory is the construction 
of an analogue of the class-field theory for non-Abelian extensions. An early 
attempt to do this was made by Krasner [47]. A way towards its solution 
is the Langlands program, which predicts deep connections between number 
theory and group representations. An introduction to it was given in Gelbart 
[84] and Murty [93]. Its analogue for p-adic fields has been established in 
Harris, Taylor [01] and Henniart [00] (cf. Bushnell, Henniart [01]), and for 
local fields of positive characteristic in Laumon, Rapoport, Stuhler [93] (for 
expositions see Carayol [00], M.R.Murty [02], Rogawski [00]). 


16. It has been proved in Cassou-Nogues, Taylor [87a,b], [88], Cougnard [90], 
Cougnard, Fleckinger [89], Gédmez Ayala [94], [95], Schertz [89], [91] that 
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many extensions L/K, where K C L are ray class-fields of an imaginary 
quadratic field, have relative power integral bases. This does not happen 
always, as suitable examples show (Cougnard, Fleckinger [89]). Even in the 
simplest case, when K is an imaginary quadratic fields with h = 1, such 
examples were given in Cougnard, Verant [92] and Gémez Ayala, Schertz 
[93]. Cf. Greither [97], Kawamoto [01], Komatsu [97]. 


17. The use of cohomology in algebraic number theory was initiated by Hoch- 
schild and Nakayama [52] and Nakayama [52]. This approach turned out to 
be very successful in restating the class-field theory in a purely algebraic 
fashion. For an introduction to the application of cohomological algebra to 
algebraic number fields see Neukirch, Wingberg [00], where one can find fur- 
ther literature. 


18. Several authors devoted their attention to maximal extensions with pre- 
scribed properties of number fields. Denote by K the algebraic closure, and 
by K*? the maximal Abelian extension of an algebraic number field kK. Kub- 
ota [57] determined Ulm’s invariants of Gal(K*’/K), and a study of Galois 
groups of maximal p-extensions of algebraic number fields makes the contents 
of the book of Koch [70]. Maximal solvable extension K* of an algebraic 
number field K was studied by Iwasawa [53b], who proved that the group 
Gal(K**! /K>) does not depend on K. 

It has been shown by Neukirch [69a] that if K,L are finite normal ex- 
tensions of the rationals with Gal(K/K) ~ Gal(L/L), then K = L. The 
analogue of this result for maximal Abelian extensions is not true (Onabe 
[76]). The conjecture of Neukirch [69b] that Gal(Q/Q) has only inner au- 
tomorphisms has been proved by Ikeda [75b], [77] and Uchida [76a], [77a]. 
A simpler proof appears in Neukirch [77] (see also Ikeda [75a], Kanno [73], 
Komatsu [74]). For a survey of results concerning Gal(Q/Q) see Geyer [78] 
and Neukirch [74a]. 


EXERCISES 


1. Prove that if L/K is normal, then the kernel of the trace map L —> K 
equals the additive group generated by the set {(l—o)a: o € Gal(L/K),a€ L}. 

2. Show that every normal extension of an odd degree is unramified at infinity 
and prove that one cannot remove the assumption of normality. 

3. Let K be a quadratic field and let a € Rx. For A = Zia] determine its 
conductor and A*. 

4. Compute the different of a pure cubic extension of the rationals. 

5. Prove the analogue of Theorem 4.28 for a finite field K. 

6. (McCulloh) Let K = Q(./—5) and L = K(i). Prove that L/K has a relative 
integral basis, but it does not have a normal integral basis. 


7. (i) Let K/Q be normal with Galois group G, let w € Rx, and assume that 
the set {o(w) : o € G} forms a normal integral basis of K. Prove that there exists 
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w’ € Rx, not of the form ta(w) with o € G, such that its conjugates form a normal 
integral basis if and only if the group ring Z[G] has invertible elements not of the 
form +o (o € G). 


(ii) (Newman, Taussky [58]) Prove that if, moreover, G is cyclic of order 2, 3, 4 
or 6, then K can have at most one normal integral basis, up to permutations and 
sign changes. 


(iii) Show on an example that (ii) may fail if G is cyclic of order 5 or 8. 

8. Determine the factorization of ramified primes in pure cubic fields. 

9. Prove that in a cubic field K one has i(K) > 1 if and only if 2 splits completely 
in K/Q. 

10. Let K/Q be normal of degree 4 with a non-cyclic Galois group. Prove that 
with suitable a,b € Z one has K = Q(\/a, Vb), determine the discriminant d(K), 
and find the law of decomposition of prime ideals in K/Q. 


11. Let K be a quadratic field and put D = |d(K). Prove the inequality 
A(K) < ; VD log D 


for all real K and for all complex K with sufficiently large D. 


5. p-adic Fields 


5.1. Principal Properties 


1. In this chapter we shall consider fields which are completions of algebraic 
number fields under discrete valuations. According to Theorem 3.1 every va- 
luation gives rise to a complete field, uniquely determined up to a topological 
isomorphism. By Theorem 3.3 every discrete valuation v of an algebraic num- 
ber field K is induced by a prime ideal p of its ring of integers. The completion 
of K under v will be denoted by Ky or Ky and called the p-adic field. In 
the case of K = Q we shall not distinguish between the prime p and the 
prime ideal generated by it, and we shall write Q, for the field which is the 
completion of Q under the valuation induced by pZ. The field Q, is called 
the p-adic field. 

It is not aim to present the full story of p-adic fields, and we shall develop 
their theory only to such extent as needed for our immediate purposes. The 
interested reader should consult the books of Cassels [86], Fesenko, Vostokov 
[93], Gouvéa [93], Koblitz [77], Mahler [73], Robert [00] and Serre [62] for 
more information. 

First we define the integers and units of a p-adic field. Let K be an 
algebraic number field, p a prime ideal of Rx, v the valuation of K associated 
with p, Ky the completion of K under v and k the quotient field Rx /p. The 
extension of v to Ky will be denoted by the same letter v. By Corollary 1 to 
Theorem 3.1 we see that v is discrete, the ring Rp = {x € Ky: v(x) < 1} is 
the closure of the ring R= {x ¢ K: v(x) <1}, and P= {xe Kk,: v(x) < 
1} = pRy, is a prime ideal of Ry, which is the closure of the prime ideal 
{« € K: v(«) < 1} of R. The proof of Theorem 3.1 shows moreover that 
the sets v() and u(K,) coincide. This enables us to define an extension to 
Ky, of the exponent of K corresponding to p by putting v(x) = log, v(x) for 
non-zero x in Ky, where the number a from (0,1) is so chosen that for every 
non-zero x € K one has v(z) = a”(*). It is convenient also to put v(0) = co. 

The ring Ry will be called the ring of integers of Ky, and its elements 
the integers of Ky. For the ring of integers of the p-adic field Q, we shall also 
write Zp. The invertible elements of Rp, form a group U(K,), which is the 
group of units of Ky. Clearly an element x € Ky is a unit if and only if one 
has v(x) = 1, ie., v(x) =0. 
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Proposition 5.1. (i) The ring Ry is a Dedekind domain with trivial class- 
group, B is its unique non-zero prime ideal, and the quotient fields Ry /3B and 
Rx/p are isomorphic. 


(ii) One has U(Ky) = Ry\P, and if x is any fixed element of B\ PB", then 
every non-zero element x € Ky can be uniquely written in the form x = an™ 
with a € U(Ky) and m € Z. In that case one has m= v(x). 

(iii) The ring Ry is the closure of Rx in Ky, and, more generally, B™ is 
the closure of p™ form =1,2,... . One has moreover B™ 1 Re =p™. 


Proof : Part (i) results immediately from Theorem 1.26, Proposition 1.27 and 
Corollary 2 to Theorem 3.3, and the first assertion of (ii) follows from (i) and 
the observation that if a domain has only one non-zero prime ideal, then this 
ideal consists of all non-invertible elements. To prove the second assertion of 
(ii) it suffices to remark that if m = v(x), then v(am—™) = 0, and z1—™ isa 
unit. 

Finally, to prove (iii) observe that (ii) implies the equality ~” = {x € Ky: 
v(x) = m}. O 


An explicit form for elements of Ky, is provided by the following theorem: 


Theorem 5.2. Let K be a field of zero characteristic, complete under a 
discrete valuation. Denote by R its valuation ring, by P the unique prime 
ideal of R, and assume that the residue class field R/P is finite. Let A be 
a system of representatives of R mod P, containing the zero element, and 
let tp (n =0,+1,...) be a sequence of elements of R such that to ¢ P and 
tn4i/tn € P \ P? forn =0,1,.... Then every non-zero element x € K can 
be uniquely represented as the sum of a convergent series 


x=antn +anyitngit::: (5.1) 


with a suitable N € Z, an,an41,...€ A anday £0. 


Proof : Assume first that x is a non-zero element of R. Since tp ¢ P we may 
choose ap € A so that x = aoto (mod P). Then x1 = (x — aoto)/t; lies in R. 
Choose in turn a, € A with a; = x1 (mod P), and put 22 = (41 — a1)ty/te € 
R. If the elements x; and a; are already chosen for all i < r and satisfy x; = a; 
(mod P), then we put 2,41 = (a, — a,)t-/tr41 € R, and define a,41 € A by 
Lr+1 = Gr41 (mod P). Observe now that for every r we have 


x = aoto +. ayty +---+a,t, (mod PTT"), 


hence the series (5.1) converges to a. 

If x is an arbitrary non-zero element of K, then write x = et, with a 
suitably chosen m and a unit ¢ of R. Applying the preceding argument to the 
element € and the sequence t), = tmin/tm, we obtain (5.1) for our element z. 
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To prove uniqueness of the representation (5.1) it suffices to show that if 
we have Cmtm + Cm+itm+1 +::: = 0, and the elements c; € R are either zero 
or lie outside P, then one has c; = 0 for all 7. Assuming c,, # 0 and dividing 
by tm we obtain 

O=cCm+ Cnzitnaa/ tm apt ey 


and it remains to note that in this series all terms except possibly the first 
lie in P, thus c, € P and cm = 0, contrary to our assumption. O 


This theorem permits to extend the assertion of Proposition 5.1 (i): 


Corollary 1. If p is a prime ideal in Rx, and p is the prime ideal of Rp, 
then for N = 1,2,... the factor-rings Rx/p™ and Ry /p% are isomorphic. 


Proof : For N = 1 this is contained in Proposition 5.1 (i). The injection 
Rx —> Ry maps p% into f; hence induces an injective homomorphism of 
Rx/p% into Rp /p”. To prove that it is surjective observe that Proposition 
5.1 (i) shows that the elements t; in (5.1) may be taken from Rx, and this 


implies that every residue class mod py contains elements from Rx. O 


Corollary 2. For every prime p one has 
Zp ~ liminv Z,/p™Z, ~ lim inv Z/p™Z, 


the mappings R/p™R —+ R/p*R being defined form > k, and R= Z, Z, 
by zmod p™R++2 mod p*R, 


Proof : The first isomorphism follows from the theorem, and the second is a 
consequence of Corollary 1. oO 


The problem of convergence criteria for series in Ky is solved easily by 
the following proposition: 


Proposition 5.3. Jf L is a field complete under a non-Archimedean valua- 
tion v, then the series \~> 1 An (an € L) converges if and only if one has 
limyn-+o0 An = 0. 


Proof : The necessity being obvious, we turn to the sufficiency. Assume thus 
that the sequence {a,,} converges to zero, i.e. limn-.oo U(a@n,) = 0. Then for 
any M < N we have 


oes < : 
v(ay +ay4i1+-::+an) < eat v(ai), 


and the right-hand side tends to zero when M tends to infinity. Therefore 
the sequence of partial sums of our series is fundamental, hence convergent 
by completeness of L. O 
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Now we describe the main topological properties of fields K, satisfying 
the assumptions of Theorem 5.2. 


Theorem 5.4. The additive and multiplicative groups of K are locally com- 
pact topological groups, and the ring R. and its ideals P™ (m = 1,2,...) are 
compact and open. These ideals form a basis of neighbourhoods of the zero 
element, and thus R is a totally disconnected topological space. 


Proof : We need a lemma: 


Lemma 5.5. If for j = 1,2,... we define a ring homomorphism f; from 
R/P'*3 to R/P3 by 
fj: tHamod P’, 


then the inverse limit 
X =liminv R/P! 


is topologically isomorphic with R. 


Proof : Let x € R, and let x; be the image of z in R/P/ under the residue 
class map. We define a map of R into X by putting 


f: £2 [21,22,...]. 


It is obvious that f is a ring homomorphism with trivial kernel. Moreover, if 
a = [a1,a2,...] € X then for any r > 1 and m,n > r we have 


Qm = Gn (mod P"). 


Thus, if we consider a sequence A;,Ao,... of elements of R with A, mod 
P” = ay, then this sequence is fundamental, and for its limit A we have 
f(A) = a. Thus f is surjective, and so it is an isomorphism. It remains to 
show that both f and its inverse map are continuous, and since these maps 
are homomorphisms and the underlying space is homogeneous, being a carrier 
of a topological group, it suffices to show continuity at 0. If a sequence {c,,} 
in R converges to 0, then for every N one has c, € P% for sufficiently large n, 


hence f(c,) is of the form [0,...,0,%41,...], thus tends to zero. Conversely, 
if Y= [es ‘ of”), ...] tends to zero, then for every N and sufficiently large n 
we have of”) = 0 fori = 1,2,..., N. It follows that if f(v@,) = yn, then rp, 
tends to 0. O 


To prove the theorem observe that R is compact as the inverse limit of 
finite sets, and so are the ideals P™, as closed subsets of R. Moreover if 
aé P™ anda—b«€ P™*!, then the element b also lies in P™, showing that 
P™ is open. The set P is a compact neighbourhood of the zero element in the 
additive group of K, and 1+ P has the same property in the multiplicative 
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group, whence these groups are locally compact. The remaining assertions 
are now evident. O 


Corollary. Let F,(Xj,...,Xr),..-,FR(X1,...,Xr) be polynomials with co- 
efficients in R. The system of equations 


FP, hig oe tek SO 812 eg) (5.2) 
has a solution in R if and only if for every m > 1 the system of congruences 
Eileen te) =O (mod P™)y GH 1,9). 265k) (5.3) 


is solvable in R. 
If for every m > 1 the system (5.3) has a solution with some x; ¢ P, then 
the system (5.2) has a solution with not all x;’s being zero. 


Proof : The necessity is obvious. To prove the sufficiency, let form = 1,2,... 
the elements al™), ofa a”) € R form a solution of (5.3). As R is a compact 
metric space, we can find a sequence m;, such that the sequences {ai} are 
convergent to y; € R, say. It is clear that the y,’s form a solution of (5.2), 
and if for some 7 we have l™*) ¢ P, then the same applies to y;, because P 
is open. O 


2. In this subsection let K be a p-adic field, R its ring of integers, p = 7R the 
prime ideal of R, and k = R/p. For x € R put = x mod p € k. Similarly, 
for every polynomial W € R[X] we shall denote by W the polynomial over 
k obtained from W be replacing each of its coefficients by its residue in k. 
One of the main tools used in the study of p-adic fields is the theorem, 
commonly known as Hensel’s lemma, which we are now going to prove. 


Theorem 5.6. Let W be a polynomial over R. If the polynomial W can be 
written as a product of two relatively prime non-constant polynomials f,g € 
k[X], then there exist two relatively prime polynomials F,G € R[X] satisfying 


deg F = deg f, F=f, G=9, W=F-G. 


If moreover f is monic, then one can also choose a monic polynomial F.. 


Proof : Let m = deg f, n = deg g. We shall define inductively two sequences, 
fx and g;, of polynomials over R enjoying the following properties: 


(a) deg fy =m, deg gx =n, 

(b) All coefficients of the polynomial W — fig, lie in p*+?, 

(c) All coefficients of the polynomials fy — fr—1 and gg — gz—1 lie in p*, 
(d) If f is monic, so is fx. 

(ce) fo=f, 50 =9. 
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The existence of such sequences will immediately imply the theorem. In 
fact, the conditions (b) and (c) show that the coefficients of f, and g, form 
converging sequences, and by (a) the polynomials f;, and g, converge to 
certain polynomials F’ and G, respectively, in the topology defined in the set 
Qn of polynomials over R with degrees not exceeding N = max{m,n} by 
the family H+p*R[X]N Qn with H € Qy and k = 1,2,.... From (b) follows 
the equality W = FG, (c) and (e) imply F = f, G = g, and since f and g 
are relatively prime, so are F' and G. Moreover, if f is monic, then by (d) F 
is also monic. 

So let us now construct the required sequences. Let fo € R[X] be any 
polynomial of degree m for which fo = f, and which is monic, if f is such. 
Similarly, let go € R[X] be of degree n with 99 = g. Assume now that we have 
already chosen fo, 90,---, fn; gn subject to (a) - (e) for certain N > 0. The 
condition (b) implies that the polynomial cy = (W — fygn)a~ 7! has its 
coefficients in R and since f, g are relatively prime there exist polynomials 
an and by over R with degay <m-— 1 and deg by < n, satisfying 


—ty + ang + bwf =0, 


i.e., 
—cy +anG+byF =0 (mod p). 


It remains to observe that the polynomials 


N+1 


fuer = fn tannNt", gna = 9n +bnat 


satisfy (a) - (c) and (e), and if f was monic, also (d). O 


Corollary 1. If W is a polynomial over R such that the polynomial W has 
a simple zero u € k, then there exists an element a € R such that W(a) =0 
and G@ = u. 


Proof : Write W(X) = (X —u)V(X) with V € k[X]. Since V(u) 4 0, the 
polynomials X — u and V are relatively prime, thus the theorem shows the 
existence of a factorization W(X) = (X — a)U(X) with a certain U € R[X] 
and @=u. O 
Corollary 2. If the field k has q elements, then in every non-zero residue 
class of R mod p there is a root of unity of order q— 1. 


Proof : Consider the polynomial f = X%~! — 1. Every non-zero element of 
the field & is a root of f, hence it has q— 1 distinct roots, and the preceding 
corollary is applicable. O 


Corollary 3. If p is an odd rational prime and m is a rational integer, not 
divisible by p, then the field Q, contains square roots of m if and only if m 
is a quadratic residue mod p. 
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Proof : Apply Corollary 1 to the polynomial X? — m. O 


Corollary 4. If W € R[X] is irreducible over K, then W is a power of a 
polynomial irreducible over k. 


Proof : Otherwise W would have a factorization into two relatively prime and 
nonlinear factors, and Theorem 5.6 would imply the existence of a similar 
factorization of W. Oo 


3. The aim of this subsection is to show that every finite extension of a 
p-adic field is also a p-adic field, and, moreover, that p-adic fields can be 
characterized as those fields of zero characteristic which are complete with 
respect to a discrete valuation, and have a finite residue class field R/P, where 
R is the valuation ring and P the valuation ideal. Proposition 5.1 (i) shows 
that p-adic fields have those properties, and so we assume in this subsection 
that K is a field, satisfying the following three conditions: 

(i) char K = 0, 

(ii) K is complete with respect to a discrete valuation v, 

(iii) The field R/P, where R and P are the valuation ring and the valua- 
tion ideal, respectively, is finite. 

We start with a proposition which describes the prolongation of a discrete 
valuation to a finite extension. 


Proposition 5.7. If K satisfies (i) - (iti) and L/K is a finite extension, 
then there exists exactly one valuation w of L, which coincides with v on K. 
Ifn=|L: K], then for x € L one has 


w(x) = o(Nz/x(x))/”. 


Moreover L satisfies the conditions (i) - (iii). 


Proof : Denote by S the integral closure of R in L. By Theorems 1.20 and 1.26 
S is a Dedekind domain, whence if P, is a prime ideal of S lying above P, then 
the valuation w associated with it extends v after a suitable normalization. If 
w’ is another extension of v to L, then by Proposition 3.2 they both induce 
the product topology in LZ, and so Proposition 1.23 implies w = w’. This 
gives us both existence and uniqueness of the extension. By Theorem 1.20 
the ring S has the finite norm property, and Proposition 1.27 (iv) shows that 
the same holds for the valuation ring of w, giving (iii). Since (i) and (ii) are 
satisfied, because L is complete in the product topology, it remains to show 
that w has the asserted form. To do this let M/K be the minimal normal 
extension containing L in a fixed algebraic closure of L, and denote by u the 
unique extension of v to M. If o € Gal(M/K), then putting f(x) = u(o(z)) 
for x € M, we obtain again an extension of v to M, and thus f = u. Since 
with suitable o1,...,0n € Gal(M/K) we have 
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n 
Nyx («) = [[a@). 
i=l 
one gets for every x € L the equality 


o(Nz/K(@)) = u(Nz/«(2)) = [[uei()) =u(z)" =w(z)". O 


Corollary 1. If K satisfies (i) - (iti) and L/K is finite, S denotes the va- 
luation ring of the extension of v to L and x € L, then the conditions x € S 
and Nzy«(x) € R are equivalent. a 


Corollary 2. If K satisfies (i) - (iti) and L/K is finite and normal, then 
every automorphism o € Gal(L/K) is continuous in the topology induced by 
the extensions w of v to L. 


Proof : If for z € L we put w’(x) = w(o(z)), then by the proposition we get 
w’ = wu, ie., o is an isometry. Oo 


Corollary 3. If K is a field satisfying (1) - (iit), then the valuation v has a 
unique extension to the algebraic closure K of K. 


Proof : If a € K, then the field L = K(a) is a finite extension of K, hence 
by the proposition there exists a unique extension w of v to L. Observe now 
that if M/K is a finite extension containing a and contained in K , and w’ 
is the unique extension of v to M, then w’ is also an extension of w, and 
we get w’(a) = w(a). This shows that by putting V(a) = w(a) we define a 
valuation on K , extending v, and it is obvious that V is the only extension 
of v to K. O 


The valuation defined in Corollary 3 will be not discrete, and the field K 
will be not complete with respect to it, but since this will not be used in the 
sequel, we omit the proof. The interested reader is referred to Ostrowski [17]. 


Our next result, known as Krasner’s lemma, is simple, but very useful. 


Proposition 5.8. Let K be a field satisfying (i) - (ttt), and let the extension 
L/K be finite and normal. Denote by w the extension of v to L, and let 
a€ Land M = K(a). Ifb © L satisfies w(a — b) < w(o(b) — b) for every 
o € Gal(L/K) with o(b) #b, thenbe M. 


Proof : If the assertion fails, then there exists 0 € Gal(L/K) with o(b) 4 b 
and o(a) = a. But then 


w(b— o(b)) = w(b-a+a-—o(b)) < max{w(b — a), w(a — o(b))} 
= max{w(b— a), w(o(a) — o(b))} = w(b— a) < w(o(d) — B), 
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giving a contradiction. 0 


With the aid of Krasner’s lemma we shall now show that two monic 
irreducible polynomials of the same degree, whose corresponding coefficients 
are sufficiently close to each other, define the same extension. 


Proposition 5.9. Let K be a field satisfying (i) - (ii), and let F € R[X] be 
a monic polynomial of degree n, irreducible over K. If G € R[X] is another 
monic polynomial of the same degree, whose coefficients are sufficiently close 
to the corresponding coefficients of F', then G is irreducible over K, and to 


every root a of F in a fixed algebraic closure K of K there corresponds a root 
B€K of G such that the fields K(a) and K(G) coincide. 


Proof : We shall denote the extension of v to K by the same letter v. Let 
F(X) =X" +0") aX? and G(X) = X"+ 0%) b.X*. We prove first that 
if 6 > 0 is given and max; v(a; — 5;) is sufficiently small, then to every root a 
of F there exists a root @ of G such that v(a— 8) < 5. Let a € K bea given 
root of F’, and let G1,..., Gn be the roots of G in K , each of them occurring in 
this sequence according to its multiplicity. Assume, to the contrary, that for 
i=1,2,...,n we have v(a—;) > 6. In view of G(X) = (X —G1)---(X—-Gn) 
we get 


v(G(a)) = [Ive — Bi) > 8, 


hence 
v( F(a) — G(a)) = o(G(a)) 2 6”. 


On the other hand, we have 


— G(a) = Ye — b;) 
thus 
v(F(a) — G(a)) S max v(a; — bj)o(a’), 


and finally 
6” < Bmaxv(a; — b,), 
j 


with B = max; v(a)/. However the last inequality is impossible if v(a; — b;) 
is sufficiently small for 7 = 0,1,...,n —1. . 
Now let a1,...,Q@n, be all the roots of F in K, and put 


6 = minv(a; — a;). 
tA 


If the coefficients of G are sufficiently close to the corresponding coefficients 
of F’, then to every a; there corresponds a root G3; of G with v(a; — B;) < 6. 
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Applying Proposition 5.8 to the smallest normal extension of K, containing 
the splitting field of F and all the G,’s, we get a; € K(G;), thus K(a;) C 
K(@;). Since [K(a;) : K] = n and [K((;) : K] < n, we get K(a;) = K(Gi), 
and the irreducibility of G follows immediately. O 


Now we prove a characterization of p-adic fields: 


Theorem 5.10. Let K be a field with a valuation v. The following properties 
are equivalent: 

(a) K is ap-adic field with the p-adic valuation, 

(b) K satisfies the conditions (i) - (iii), 

(c) K is a finite extension of Q, for a suitable prime p. 


Proof : We know already that the implication (a)=> (b) is true. Assume now 
(b), hence K satisfies (i) - (iii). The restriction of uv to the field of rational 
numbers is discrete, thus Theorem 1.31 shows that it is equivalent to a certain 
p-adic valuation. Since K is complete, Theorem 3.1 implies that K contains 
an isomorphic copy of some field Q,, and v restricted to Q, coincides with its 
usual valuation (after a suitable renormalization, if required). We may simply 
assume that Q, C K. Let v be the exponent of K, induced by v, and put 
e = y(p). Then e is a non-zero rational integer and we have pR = P*. Now 
choose 7 € P \ P?, and put tje+, = pa” for j = 0,1,...,7r=0,1,...,e—1. 
Moreover let the set Q = {w,...,ws} C R (with p’ = #R/P) have the 
property that the elements w; mod P form a basis of the field R/P, treated 
as a linear F,-space. A simple argument, utilizing Theorem 5.2, shows now 
that R is freely generated, as an Z,-module, by the elements winx” (i = 
1,2,...,f;r =0,1,...,e—1). In particular R is a finitely generated free Z,- 
module, hence K has a finite dimension as a linear Q,-space. This establishes 
(c). 

Finally assume (c) and let K = Q,(a) with a € R. The coefficients of 
the minimal polynomial of a over Z, may be approximated arbitrarily close 
by rational integers. If we replace these coefficients (except the leading term, 
which should be 1) by those approximants, we obtain a polynomial over Z 
which, by Proposition 5.9, will be irreducible over Q,, and one of its roots, 
say b, will generate K over Q,. The field L = Q(b) is a finite extension of 
Q contained in K. Observe now that the valuation v of K induces in L a 
discrete valuation which, by Theorem 3.3, is induced by a prime ideal p of 
Ry, and we obtain K = Ly. O 


4. The next theorem enables us to translate several problems concerning 
finite extensions of algebraic number fields into the language of p-adic fields. 
Its applications will be discussed in the next chapter. 


Theorem 5.11. Let K be an algebraic number field, p a non-zero prime ideal 
of Rx, and Ky the completion of K, corresponding to p. Moreover, let L/K 
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be an extension of degree n, SB a prime ideal of Rr lying above p, and Ly 
the corresponding completion. Finally, let R and S be the rings of integers in 
Ky and Ly, respectively. Then we have: 


(i) [Lo : Ky) = ex/x(P)fr/x(P), 

(ii) The field Ls is the composite of L and Kp, 

(itt) The ring S is the integral closure of R in Ly, 

(iv) If and PB are the prime ideals of R and S, respectively, then PB lies 
over § and er, /K,(B) = ex/K(P); fog /K,B) = fix (PB); 


Proof : We need a lemma: 


Lemma 5.12. Under the assumptions of Theorem 5.11 we have: 
(i) The extension Ly /Ky is finite. 
(ii) The ring S is the integral closure of R in Ly. 
(tii) For every ideal I of R one has 


N(IS) = N(I)™, 
where M = [Ls : Kp]. 


Proof : (i) The closure of K in Ls is complete, and so, in view of Theorem 
3.1, we may identify it with K,. Let ai,...,a, be a basis of the K-space L, 
and observe that 
Ly = aiKy + arKp + ad + dnKy 
is a Ky-space, contained in Ly and containing L. Moreover we have 
dim x, Ty < n= dim K L. 


By Proposition 3.2 L; has the product topology, hence it is closed, and this 
implies Lj = Ly. This shows [Ly : Ky] <n < oo. 

(ii) Let a € S. By Proposition 5.1 (ii) there is a sequence 21,22... of 
elements of Ry; converging to a. Let 


n—1 
Fin(X) =X" + S> lk™ x3 
j=0 


be a polynomial over Rx, having tm for one of its roots. (If x» generates 
L over K, then F,,, is the minimal polynomial of z,,, otherwise F,, is the 
product of the minimal polynomial and a suitable power of X). From every 
sequence fe} we can extract a subsequence, converging in R to c;, say. If 
now F(X) = X" + eas c; XJ, then obviously F(a) = 0, showing that a is 
integral over R. Thus S is contained in the integral closure of R in Ly, but 
S is integrally closed, and (ii) follows. 
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(iii) Let 8, p be the prime ideals of S and R, respectively. Proposition 
5.1 (i) shows that R is a principal ideal domain, and since S is a torsion-free, 
finitely generated R-module there exist elements w1,...,wa¢ € S such that 
every x € S can be uniquely written in the form 7 = bay vw; with x; € R. 

If now m = N(p), and A = {ai,...,@m} is a set of representatives of 
R mod p, then the set Opa a;w; : a; € A} is a set of representatives 
of Smod pS. Indeed, if € = ja 64; € S (E € R), then we may write 
€; =a; + 6; with a; € A and 6; € p to get 


M 
€- So ajw; € pS. 
j=l 
On the other hand, if 
M M 
So aj; = S > jw; (mod pS) 
g=1 j=l 


where a;, 3; € A, and 7 is the generator of p, then 


M 
a; — B; 
y ol aig ea 
TT 


j=l 


implying a; = @;(modp) and a; = G; for 7 = 1,...,M. This implies 
N(pS) = N(p)™. The assertion (iii) follows now from Theorem 1.16 (i), 
and the observation that every non-zero ideal in R is a power of the unique 
prime ideal. O 


We return to the proof of the theorem. The assertion (ii) follows from the 
observation that the fields K, and L generate the linear space L1, occurring 
in part (i) of the preceding lemma. Part (iii) of the theorem is contained in 
Lemma 5.12 (ii), and to obtain the remaining parts observe that Proposition 
5.1 shows that 8 is the only non-zero prime ideal of S$, and so it must lie 
above p. Lemma 5.12 (iii) shows that Theorem 4.5 is applicable, and therefore 
we get [Ly : Ky] = ef, where e = ex, (B), f = frp/K, (PB). The equality 
f = ft/x() follows from Proposition 5.1 (i). Since pRz; = BQ holds with 
€1 = €p/K ($B), and P { Q, hence taking closures we get pS = PO), Oi 
being the closure of Q. Since Q; is not divisible by PB, it contains an element 
which does not lie in %, and is a unit in S, whence Q; = S, and we get 
P° = ps =P", thus e = e;. This proves (iv), and (i) follows immediately. 

Oo 


We point out a useful corollary: 
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Corollary. If L;, Lz are finite extensions of an algebraic number field K, 
and p is a prime ideal of Rx, splitting in Li and Le, then it splits also in 
their composite Ly Lz. 


Proof : Let $8 be a prime ideal lying over p in L = Ly Lo, and put PB; = PNRz, 
(i = 1,2). By (i) we have the equality [(Li)y, : Kp] = 1 for 1 = 1,2, whence 
both fields L; are contained in K,. Thus L = LyL2 C Ky, and we obtain 
that Ls, being the closure of L, is a subset of Ky. Therefore [Ly : Kp] = 1, 
and we get from (i) the equalities 


ex/K(B) = fr«(B) =1, 


as asserted. oO 


We see that the behaviour of the prime ideals p and $B is the same as that 
of p and $8. Moreover, one sees easily that % = PS and p = pR, and so we 
can dispense with the pedantic distinguishing between p and p, ¥% and 8. In 
the sequel we shall thus use the same letter for a prime ideal in an algebraic 
number field and its closure in the corresponding completion. 

Note, moreover, that as there is only one prime ideal in the ring of integers 
of a p-adic field, we can freely write e(Ly/Kp) for eny/x, (P) and f(Lp/Ky) 
for fig /K,(B), and speak about the ramification index or the residue class 
field degree of the extension rather than that of a prime ideal. 


5. Lemma 5.12 (ii) implies that we can apply the theory developed in Chap. 
4 to finite extensions of p-adic fields, and since the class-group of the ring 
of integers of a p-adic field is trivial, we can obtain more. In particular the 
following result shows that in the p-adic case every finite extension possesses 
a power integral basis: 


Proposition 5.13. If L/K is an extension of degree n of p-adic fields, and 
R, S are the corresponding rings of integers, then there exists a € S such 
that the R-module generated freely by 1,a,...,a"~! coincides with S, i.e., 
S = Rial. 


Proof : It follows from Corollary to Lemma 4.20 that there exists a € S such 
that the conductor of the ring R[a] is not divisible by 3, hence this conductor 
equals S, and now Corollary to Proposition 4.18 shows that the R-modules 
R{a] and S coincide. Oo 


Now we shall define, following Fréhlich [60b], the numerical discriminant 
O(L/K) for finite extensions L/K of p-adic fields. This discriminant will be 
very useful for the intended applications to algebraic number fields. 

Let thus L/K be such an extension, and let R, S be the rings of integers 
in K and L, respectively. According to the preceding proposition S is a free 
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R-module, and for every set w1,...,W, of its free generators we define its 
discriminant dp/%(w1,.--,Wn) by 


dy /K(w1, tee ,Wn) = det [Thx (wiw;)] 9 


or, equivalently, by 


\q\2 
dp/K(W1,---;Wn) = (det lo!) 4 
where wi ) are the conjugates of w; in an algebraic closure of L. In the same 
way as was done in Chap. 2 in the case of algebraic number fields, we see that 
this discriminant is non-zero, and the discriminants of different sets of free 
generators of S differ by the square of a unit of R. Since in Q the only square 
of a unit was the unit element, we could then define the field discriminant 
as the common value of discriminants of sets of free generators. Now it is 
no longer possible to proceed in the same manner, and we define instead 
the discriminant 0(L/K) as the class in the factor group K*/U(K)?, which 
contains the discriminants of every system of free generators of S. 
The next proposition lists the principal properties of the discriminant so 
defined: 


Proposition 5.14. Let L/K be an extension of degree n of the p-adic field 
K, and let R, S be the rings of integers of K and L, respectively. 

(i) The ideal in R, generated by any representative of O(L/K) equals the 
discriminant d(L/K), defined in Chap. 4, 

(ii) The extension L/K is unramified if and only if O0(L/K) lies in 
U(K)/U(K)?, 

(iii) If M/L is an extension of degree m, then 


O(M/K) = (L/K)" Nz /x(O(M/L)), 


where the norm mapping is to be understood as acting from L*/U(L)? to 
K*/U(K)*, which is allowed since the norm of a square of a unit is also a 
square of a unit. 


Proof : Since every representative of 0(.L/K) generates the same ideal, we can 
consider a set of generators of the form 1,a,...,a"~!, which exists according 
to Proposition 5.13. In the same way as in the proof of Proposition 2.9 (iv) we 
find that the discriminant of this set generates the same ideal as the element 
Nz/x(f'(a)), where f is the minimal polynomial of a over R. By Corollary 1 
to Proposition 4.8 and the observation that the different Dr; % equals f’(a)S, 
we obtain (i). 

Assertion (ii) follows from (i) and the discriminant theorem, so it remains 
to establish (iii). To do this let a1,...,a, be a set of free generators of $ 
as an R-module, and let b),...,b,, be a set of free generators of the ring T 
of integers of M as a S-module. One sees easily that the set of all products 
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a;b; form a set of free generators of T as an R-module, and we shall use 
it to compute the discriminant 0(M/K). Let N be a normal extension of 
K containing M, let T; = {t1,...,tn} be the set of all embeddings of L 
in N, fixing K, and extended to automorphisms of N, and, similarly, let 
Tz = {81,...,8m} be the set of all automorphisms of N, fixing L. Consider 
the matrices A = |t(a;)| (t € T1,i = 1,2,...,n) and B = [s(b;)| (s € Th, 
4 =1,2,...,m). We have obviously 


0(L/K) = (det A)? mod U(K)? 


and 
0(M/L) = (det B)? mod U(L)?. 


Moreover, if C denotes the mn x mn matrix [t;, (ai )tm (8205) c4,0) (4,4)? then 
0(M/K) = (det C)? mod U(K)?. 


To find the relations between the determinants of the matrices A, B and 
C write 


A, = [tx (a:)63] (k,l), (9) 


and 
B= [te (sx(bs)) 7 | (kL) (ing? 
and observe that B,A, = C. In view of 
det A; = +(det A)™, det By = +Nz/x (det B), 


we obtain the following chain of equalities mod U(K)?: 


0(M/K) = (det C)? = (det A1)?(det Bi)? = (det A)?” Nz x (det B) 
= O(L/K)" Nz /xK(O(M/L)), 


as asserted. Oo 


To give an example let us compute the discriminants of quadratic exten- 
sions: 


Theorem 5.15. Let K be a p-adic field, R its ring of integers, p its prime 
ideal, anda an element of R which is not a square in K, and which does not 
lie in p?. Moreover choose nm € p\ p?. If L = K(,/a) and S is the ring of 
integers of L, then the following possibilities arise: 
(i) If m { 2a, then 
S = R[Val, O(L/K) =amod U(K)?, 
(ii) If rla, then 


S=R[Va],  A(L/K) = 4a mod U(K)’, 
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(iti) If r|2,  { a, and the congruence 
X?=a (mod p’) 
has no solutions in R, then 
S = R[Val, 0(L/K) = 4a mod U(K)’, 


(iv) If n|2, mt a, and 1 is the largest positive integer such that 7'|2 and 
the congruence 
X?=a (mod p”) (5.4) 


has a solution in R, then 
S=Ri((b+Va)n"'] — O(L/K) = 4an~*’ mod U(K)’, 


where b is a solution of (5.4). 


Proof : By Proposition 5.13 we have S = R{c] with a certain c € S, which in 
any case can be written in the form 


e= ftuva (z,y € R,k > 0), (5.5) 


and without restricting the generality we may assume that (2, y,7) = 1. 
We start with the case (i). Note that the norm Nz /x(c) = (x? — ay”) ~?* 
lies in R, and thus if k is positive, then the congruence 


X*=aY? (mod p) 


is solvable in R with X,Y ¢ p, and this shows that the congruence X* =a 
(mod p) has a solution in R. By Corollary 1 to Theorem 5.6 this implies (in 
view of 2a ¢ p) that a is a square in K, contrary to our assumption. Thus 
k=Oandc=2+ ya with z,y € R. This gives 


S=RO(x+yVa) Cc Ri[Val c S, 


thus S = R[,/a]. Moreover, we have 0(L/K) = 4a mod U(K)?, and in view 
of 2 € U(K) we arrive at 0(L/K) = a mod U(K)?. 

Now consider the case (ii), and let v be the exponent associated with 
the prime ideal p. Since v(a) > 1 and 1? { a, we must have v(a) = 1, thus 
Proposition 1.24 implies v(x? — ay?) = r = min{2v(x),1 + 2v(y)), and in 
view of Ny /«(c) € R we obtain 2k < r. Since one of the numbers v(x), v(y) 
is zero, we get k = 0, and proceeding in the same way as in the case (i) we 
obtain S = R[,/a] and 0(L/K) = 4a mod U(K)?. 

In the case (iii) observe that if k > 1, then N(c) = (x? — y?a)/n? € R, so 
x? = y’a(mod 7), and in view of 7 { zy the congruence X? =a _ (mod 7) 
has a solution in R, contrary to our assumption. Therefore k = 0, hence 
c= + yVa, and the assertion follows an in case (i). 
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We are left with the case (iv). In this case our assumption implies k > 1, 
and since N(c) = (x? — y2a)/m?* € R and zx | (2, y) we get 7 { zy. As 


O(L/K) = 4y?an~?* = 4an-** mod U(K)?, 


it remains to show that k = I. Since 1?*|4ay” and 7 { ay, we obtain 717*|4, 
thus v(2) > k. Moreover, (5.4) is satisfied with 1 = k by X = zy’, where 
yy’ =1(mod p?*). Finally we prove that no number m > k has the required 
properties. In fact, if for a certain t € R we have t? = a(mod p”), then 
(t+ /a)n—™ lies in S, and it follows that for suitable A,B € R we have 


(t+ Ja)n-™ =A4+ Bat yVJa)n—*, 


hence r*-™ = By € Rand k >™m. Oo 


Note that this theorem actually covers all quadratic extensions of a p- 
adic field, since every such extension has a generator ./a with a € R and 
0 < v(a) < 1, because if a = ex™ with « € U(K) and m > 2, then ./a defines 
the same extension as \/e or ,/em, depending on the parity of m. 


Corollary. Let K be a p-adic field, and let L = K(\/a) with 0 < v(a) <1. 
Then the extension L/K is unramified if and only if either K is not an 
extension of Q2 anda is a unit, or K is an extension of Qo, a is a unit, and 


the congruence X* = a(mod 4) has a solution in R, the ring of integers of 
K. 


Proof : Apply Proposition 5.14 (ii) and the theorem just proved. O 


6. Now let us have a closer look at the group of units. Let K be a p-adic 
field, R its ring of integers with the prime ideal p, v the valuation of K, v 
the associated exponent, 7 a fixed element of p \ p?, p the characteristic of 
the residue class field k = R/p (thus Q, C K), e the ramification index of 
K/Qp), f the degree of p over Q,, ie., f = [k : Fp], and finally let U = 
U(K) be the group of units of K. We shall consider also certain subgroups 
of U: the group E(K) of all roots of unity, contained in K, its subgroup 
E,(K), whose elements are roots of unity of order pf — 1, and the groups 
Um = Um(K) (m > 1) consisting of all units u, congruent to unity mod p™. 
The group Uj is called the group of principal units of kK. Note that the 
intersection U;(K)NE(K) may be non-trivial, as the example K = Q2(/—1) 
shows, in which case —1 € E(K)MUj,(K). On the other hand, one has 
E\(K)U;(K) = {1}. The group £,(K) forms the uninteresting factor in 
the decomposition given in the next result: 


Proposition 5.16. For every p-adic field K we have 
U(K) = E\(K) x Ui (kK). 
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Proof : Apply Corollary 2 to Theorem 5.6 and the preceding remark. O 


Corollary 1. The multiplicative group of a p-adic field K is the product of 
F,(K), U\(K) and the infinite cyclic group. 


Proof : Apply Proposition 5.1 (ii) and 5.16. O 
Corollary 2. One has U(K)/Ui(K) ~ k*. 


Proof : Both groups are cyclic and have pf — 1 elements. O 


Now let us consider the groups U;,, 


Proposition 5.17. (i) The groups Um form a basis of open neighbourhoods 
of the unit element in the group K* and are compact. 

(ii) For m = 1,2,... the factor group Um/Um+41 is isomorphic to the 
additive group of F ys. 

(iit) Form = 1,2,... the factor group U(K)/U(K) ts isomorphic to the 
group of invertible elements of the factor ring R/p™. 


Proof : The assertion (i) is immediate, and to show (ii) define a mapping w 
of the additive group of p™ into Up,/Um+1 by putting 


w(x) =1+ 2 mod Up 41. 
Since 
w(e+y)=14+xe+ymod Upy = (1+ 2)(1+y) mod Un4yi = V(x) v(y), 


w is a group homomorphism, which is clearly surjective, and has p™+? for its 
kernel. Thus Um /Um41 and (p™)+/(p™+1)+ are isomorphic, and it remains 
to apply Lemma 1.17. 

To prove (iii) put for u € U(K) ¢(u) = umod x™. Clearly ¢ is a surjective 
homomorphism of U() onto (R/p™)*, and ker ¢ = Up. O 


Corollary. The quotient Um/Um-+1 is the f-th power of Cy, the cyclic group 
of p elements. 


Proof : Observe that k is an f-dimensional linear space over F,. EJ 


The group Uj; can be considered as a Zp-module. To establish this let € 
be a principal unit, and let a = a9 +a;p+--- (0 < a; < p—1) be an element 
of Z,. Consider the sequence 


n 
En = etotait+anp ; 
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and observe that for n > m we have 


u(En aN Em) =U fee yes art :3 1) 5 
A short calculation shows that the last expression converges to zero when m 
tends to infinity, and thus by completeness the sequence {e,,} has a limit, say 
7. Since U, is closed, we have 7 € U,. This shows that by putting «* = 7 one 
defines an action of Z, on Uj, and now it is easy to check that in this way 
U, becomes a Z,-module. 

To obtain a description of the Z,-module U; we need some auxiliary 
results. 


Lemma 5.18. If k is a rational integer not divisible by p, then every element 
e € U; has a k-th root lying in Uy. 


Proof : It suffices to observe that 1/k € Zp. oO 


Lemma 5.19. If m > e/(p—1) andu€ Um+e, then the polynomial X? — u 
has a root in Um. 


Proof : Write u = 1+ an™*é with a € R, and let b= 1+ cn™ (with c € R) 
be an arbitrary element of U,,,. Then 
P 
um (1+ en™)— (1+ an) =) (Pela — an, 
: J 
j=l 


Since v(p) = e, we have 


ae — soi 
ZC eae es gS theme, 
j mp ifj =p 


hence writing p = er® with a certain unit € we obtain finally 
(bP —u)r—™ © = V(c) +ec—a, 


where V € p[X]. It follows that to solve the equation X? — u = 0 in Up it 
suffices to find a root of the polynomial W(X) = V(X) + eX —ain R. But 
after reducing W mod p we get a non-constant linear polynomial over k, and 
the application of Corollary 1 to Theorem 5.6 gives what is needed. O 


Corollary. If m > e/(p—1) then the groups Up, and Um+e are isomorphic. 
This isomorphism is given by the map g: Um —> Um+e defined by g(u) = u?. 


Proof : lfu=1+an™ €U,, with a non-zero a € R, then 


Pp 
Pp ‘ . 
uP =1+ (Taian, 
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and since the minimal value of v (@) a! nim) for j = 1,2,...,p is attained 
only at 7 = 1, and is > e +m, we get g(Um) C Um+e, and wu? — 1) = 
m+vy( ( () a This shows that u? # 1, thus g is injective, and its surjectivity 


follows from the lemma. O 


The next lemma is of a general nature. 


Lemma 5.20. Let A= Ag DA) D Ao D>... andB= BoD B,D B.D... 
be two descending sequences of Abelian groups, such that the quotient groups 
A/An and B/B,, are all finite. Assume that A ~ liminv A/A, and B ~ 
liminv B/B,, the isomorphism being given by the canonical maps 


a++{amod A;,amod Ag,...] (a € A), 


b++ [b mod B,,b mod Bg,...] (be B). 


Let f : A —>+ B be a homomorphism mapping each A, into the corre- 
sponding B,, and assume that all the induced homomorphisms 


fn : An/An+1 —a Brn /Ba+1 


are injective, or surjective, or bijective. Then the same holds for f. 


Proof : The groups A and B are inverse limits of finite groups, and therefore 
they acquire a topology in which they are both compact and complete. 

Assume first that all homomorphisms f,, are injective, and let x € Ker 
f. Since (),, An = {0} hence if x # 0, then for a suitable n we have x € 
An \ An+1- Moreover from f(x) = 0 we infer that f,(2 mod A,+1) = 0, and 
as fr is injective we obtain z € Az+1, contradiction. Thus Ker f = 0 and f 
is injective. 

Now assume that each f, is surjective. Our assumptions imply that A 
and B are complete topological groups with A, and B,, forming bases of 
open neighbourhoods of the zero element in A and B, respectively. Therefore 
if {a} is a sequence of elements of A such that for sufficiently large m and 
any n > m the difference a, — am lies in a given set Ay, then that sequence 
is convergent, and the same applies to B. Now let yo € B be given. If yo = 0, 
then f(0) = yo. Otherwise there exists an n with yo € By \ Bn4i, because 
1, Bn = {0}. By the surjectivity of f, there exist 7; € An, y1 € By with 
yo = f(t1) + yy. Similarly we obtain x2 € Anyi and ye € Bn41 such that 
yi = f (£2) + ye, and proceeding in this way we obtain a sequence 21, 22,... 
of elements of A, and a sequence y}, y2,... of elements of B which satisfy 
tr € Antk—1, Yk € Bn4z—1, and are related by 


tea fee) tee (FSO. 2.): 
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Now put z, = es xj, and observe that the sequence {z,} is fundamen- 
tal in A, thus convergent to a certain « € A. Note also that f is continuous, 
since for every n the inclusion f(x) € B, implies f(z+ A,) C By. Thus 


k 
vo = lim(yo — yx) = lim S| f(#;) = lim f(zx) = f(@); 


j=l 


and so f is surjective. O 


Now we can describe the structure of the Z,-module U;(K): 


Theorem 5.21. Let K be a p-adic field of degree n over Qp, and let s > 0 be 
the maximal exponent with the property that K contains a primitive p*-th root 
of unity. Then U\(K) is a direct sum of a free Zp-module of rank [K : Qpl, 
and a cyclic group of order p*, on which Zp acts by x? = xt ™o4 ee 


(The exponent s is called the index of irregularity of K. The field K is 
called regular if s = 0 and irregular otherwise). 


Proof : Let e = e(K/Q,). The Corollary to Lemma 5.19 implies that for 
m > e/(p—1) we have UP, C Um+e, therefore the factor group Um/Um-+e 
can be regarded as a vector space over F,, an element a € F, acting on 
z € Um/Um+e by a: 2 = x. In view of #Um/Um+e = p°!, this implies 
Um/Um+e ~ Cy. Applying Theorem V of Appendix I we see that U,,, is the 
inverse limit of the family Um/Um+ke (kK = 1,2,...) of groups. 

Let 21,...,2%n be the generators of U,, mod Un+-, and consider the map 
f: ZY —+ Um, defined by 


Flaices foal Sayers 


If for a certain k we have [a1,...,@n] € (p*Z,)”, then 


k k 
F(lar,---,@n]) = ay? «+ afr? 


with suitable b; € Z,. Thus f maps (p*Zp)” in Um+ke, and the Corollary to 
Lemma 5.19 shows that the homomorphisms 


fie: (p* Zp)” /(p*** Zp)” _ Om-+ke/Um4+(k-+1)e 


induced by f are well-defined and surjective. Since each f;, is also injective 
and thus bijective, we find, applying Lemma 5.20 to our situation, that f 
is an isomorphism, and a little reflection shows that it is also a Zp-module 
isomorphism. Thus, for m > e/(p— 1), Um is a free Zp-module of rank n. 
Since U;/Um is finite, this shows that Uj is a finitely generated Z,-module, 
and so by Theorem 1.32 we obtain 
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Ui, ~ Zy eH 


with a suitable t > 0, and a torsion Zp-module H. Since U; contains U, we 
have t > n, and using the finiteness of U;/U,, we get t =n. 

Now we show that H is a finite p-group. Since it is finitely generated, and 
Zp has the finite norm property, Theorem 1.41 implies that H is finite, and 
thus, being a subgroup of the multiplicative group of a field, it consists of 
roots of unity, hence is cyclic. If H were not a p-group, then it would contain 
a primitive root of unity u of a prime order g # p, but Lemma 5.18 implies 


that H contains u!/® for 7 = 1,2,..., which is not possible, as H is finite. 
Thus H is a cyclic p-group, ie. H ~ Cpr with a certain r > 0, and since H 
consists of roots of unity, we get r = s. O 


Corollary. Let [K : Q,| = 1 and let s be the irregularity index of K. There 
exist U1,...,Un © U; such that for fixed 7 € p \ p?, every non-zero element 
of K can be uniquely written in the form 


zeweu --- umn, 
where 0 <a < pf —1,0 <b < p’, m,...,mn € Zp, 2,W are primitive 
pt —1-th and p*-th roots of unity and N € Z. 


Proof : Combine the theorem just proved with Proposition 5.16 and its Corol- 
lary 1. O 


Because of Proposition 5.13 and Theorem 5.21 we obtain that in the case 
of a regular field K the Zp-modules U;(K), R and p, p?,... are all isomorphic. 
In certain cases it is possible to establish a particular simple isomorphism 
between U;(K) and p. Put Q = {x € K : v(x) > e/(p—1)} and observe 
that 2 is a group under addition. 


Proposition 5.22. (i) The series 


converges for x in 2 and defines a continuous function there. 

(ti) The function exp x provides an isomorphism of 2 onto the multiplica- 
tive group {x € K : v(x — 1) > e/(p—1)}. 

(iti) Ife <p—1, then expz provides a Z,-module isomorphism of p onto 
U,(K). 


Proof : We have to show first that for x € 2 the general term x*/k! of our 
series tends to zero. Now v(a*/k!) = kv(x)—v(k!), and by elementary number 
theory k! is divisible exactly by the c,-th power of p, where 
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El BleB) 


and r € Z is determined by the inequalities p” < k < p't™, Moreover we have 


k ek k l-p”™ ek 
ety: at a Sen ts ee 
v(k!) ce Se(E4 B+ +*) ek aT er 
and since for every x € 2 we have v(x) = e(p — 1) + 6 with 6 = d(x) > 0, 
it follows that v(x*/k!) > 6k, thus lim, 2*/k! = 0. One verifies immediately 
that for z,y € 2 we have exp(x+y) = exp(zx) exp(y), and hence exp is indeed 
a homomorphism. Since the values of exp z lie in U;(’) and the continuity 
at x = 0 is evident, (i) results. 
Now observe that the minimal value of v(x*/k!) is for non-zero z € Q 
attained only at k = 1. Indeed, if kv(a) — v(k!) < v(x) and k > 1, then 


OG an ee ee ae 
Vir) \ CCr _ < ek-————_- < —— 

(p—1)(k-1)~ p—-1’ 
a contradiction. This implies v(expx — 1) = v(x) > e/(p — 1), and leads 
to the injectivity of expz, since from x # y and expx = expy we obtain 
exp(z — y) = 1, however v(exp(x — y) — 1) = v(a — y), a finite number. To 
show surjectivity consider the series 


a 2 gt 


n+l x” 
A fe Oa SE a at (ea, ae fe 24 
ager ae Tage abd a al 

which converges for all x satisfying v(x) > 1, and denote its sum by log(1+z), 


for obvious reasons. Observe now that if v(y) > e/(p — 1), then 


exp(log(1+y)) =1+y, 


and so 1+ y lies in exp(2). This proves (ii). 

To prove (iii) observe that the assumption e < p— 1 and (ii) show that 
exp: p —> U, is an isomorphism of the additive groups, and it remains to 
check that exp commutes with the action of Z,. However, for elements of Z 
this follows from the homomorphism property, and the general case results 
by continuity. O 
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1. In this section K will be a p-adic field and L/K an extension of degree 
n = ef, with e being the ramification index of L/K, and f the degree of the 
residue class field extension k,/kx, where kx and ky are the residue class 
fields of K and L, respectively. Denote by p the characteristic of kx, so that 
Q, C K. Moreover R and S$ will denote the rings of integers of K, resp. L 
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and , 58 will be the corresponding prime ideals, whence pS = 8°. By mz and 
IT we shall denote fixed elements from p \ p? and $ \ 8”. Finally, vx, vz will 
be the corresponding exponents, and vx, vz the corresponding valuations, 
which will be assumed to satisfy 


v«(m) =p FR, vp (IT) = p ft/%, 


As before, we shall call the extension L/K unramified if e = 1, and, moreover, 
we shall say that it is totally (or fully) ramified if e = n, and that it is tamely 
ramified if p does not divide e. An extension which is ramified, but not tamely 
ramified will be called wildly ramified. 

We shall first deal with unramified extensions. It will turn out that every 
p-adic field has exactly one unramified extension of a given degree, and such 
extension is necessarily normal with a cyclic Galois group, isomorphic to the 
Galois group of the corresponding extension of the residue class field. To 
obtain this we need two lemmas first. 


Lemma 5.23. Let L = K(Gn), where Gm denotes a m-th primitive root of 
unit, and assume that p{m. Then the extension L/K is unramified. 


Proof : Let f € R[X] be the minimal polynomial of ¢,,. Obviously f divides 
the polynomial X™ — 1, and if we write X” —1 = f(X)g(X) with g € R[X], 
then we obtain that the different of L/K divides m¢”™~1, which is a unit of 
K. The different theorem implies now that L/K is unramified. O 


Lemma 5.24. A finite extension L/K is unramified if and only if there exists 
a€S with L = K(a), which has the following property: 

If F € R[X] is the minimal monic polynomial of a, and y € kx[X] is 
obtained from F be reducing modp its coefficients, then the image of a in kz 
is a simple root of y. 


Proof : If L/K is unramified, then n = f = [ky : kx]. Let @ be a generator 
of the extension k,/kx, denote by yp € kx[X] its minimal polynomial, and 
let F € R[X] be a monic polynomial with F mod p = y. By Corollary 1 
to Theorem 5.6 F' has a root in L, say a. Moreover F is irreducible over K 
because of [L : K] = [ky : kx] = [K(a) : K], (the last equality resulting 
from the observation that the residue class field of K(a) equals kz), thus 
L= K(a). 

To prove the converse, observe first that we can assume the irreducibility 
of F over K. Corollary 4 to Theorem 5.6 shows that y is a power of an 
irreducible polynomial. Thus it must be irreducible itself, since it has a simple 
root. Hence 

n = deg F = degy = [kr : kx] =f <n, 


and we get f =n ande=1. O 


5.2. Extensions of p-adic Fields 223 


Corollary 1. If L/K is unramified and M/Q, is finite, then LM/KM is 
unramified. 


Proof : Let L = K(a) with a as in the lemma. Then LM = KM(a), and 
the image of a in ky is a simple root of the polynomial y, minimal for the 
image of a in ky over kx. Therefore the lemma implies that LM/KM is 
unramified. O 


Corollary 2. If L/K and M/K are unramified, then LM/K is also unra- 
mified. 


Proof : Apply the multiplicative property of ramification indices and the 
preceding corollary. Oo 


Corollary 3. If L/K is finite, and M is the composite of all unramified 
extensions of K, contained in L, then M/K is unramified, and L/M is fully 
ramified. Hence every finite extension can be decomposed into two consecutive 
extensions: the first unramified and the second fully ramified. 


Proof : By the preceding corollary the extension M/K is unramified. Let 
fi = [kt : ky]. We may write k, = F,(¢,) with a certain r not divisible by 
p, Cr being a primitive r-th root of unity. Thus the polynomial X" — 1 has 
r distinct roots in ky, and so, by Corollary 1 to Theorem 5.6, it has also r 
roots in L. If we had f; > 2, then not all these roots would lie in M, and 
so the splitting field N of X” — 1 over K would not be a subfield of M. But 
we have N Cc EL, and since Lemma 5.23 and Corollary 2 to Lemma 5.24 show 
that N/K is unramified, hence N Cc M, contradiction. Therefore f; = 1 and 
the extension L/M is fully ramified. O 


Theorem 5.25. If K is a p-adic field, then to every finite extension k/kx 
there corresponds a unique unramified extension L/K with kp ~ k. This 
extension is normal, and its Galois group is isomorphic to the Galois group 


of k/kx. 


Proof : Let a be a generator of k/kx, and let y € kx[X] be its minimal 
polynomial. Choose a monic F' € R[X] with F mod p = ¥, let b be a root of 
F lying in a fixed algebraic closure of Q,, and put L = K(b). Then 


[L: K] = degy b < deg F = degy = [k: kx] < [kr : kx] <[(L: K], 


because the image of b in ky is a root of y, and so k C ky. This chain of 
inequalities shows that [kz : kx] = [L: K], thus L/K is unramified, and 
[k : kx| = [ky : kx], hence k = ky. If Li /K is another unramified extension 
with k,, = k, then Hensel’s’s lemma implies that F has a root b; € L, and 
we have K(b;) ~ K(b) = L. However, in view of [K(b,) : K] = [k: kx] = 
[L, : K] we obtain L; = K(b;), and we see that L, and L are isomorphic. 
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Now we shall establish the normality of L/K, and this will force the e- 
quality L; = L. The extension k/kx is normal, thus k is the splitting field 
of some polynomial h € kx[X]. Choose H € R[X] so that H mod p = h. By 
Hensel’s lemma H splits in L into linear factors, and the preceding argument 
shows that one of its roots generates L/K, i.e., L is the splitting field of H 
over K, and we obtain that the extension L/K is normal. 

For every g € Gal(L/K) the formula g(z mod p) = g(x) mod p defines an 
automorphism g € Gal(k/kx). The map W : g++ g is obviously a homomor- 
phism, and we shall now show that it is bijective. Since the Galois groups of 
L/K and k/kx have the same number of elements, it suffices to prove that 
W is surjective. Let b, y and F have the same meaning as at the beginning of 
the proof, and put a = b mod p. If o € Gal(kx/k), then o(a) = ay is a root 
of y, and Hensel’s lemma implies the existence of b; € S such that F'(b,) = 0, 
and b; mod p = ay. Such element 6; is unique, because y has in k as many 
roots as F has in JL, and so all roots of F have distinct images in k. If now 
g € Gal(L/K) takes b into 6), then Y(g) = o, proving the surjectivity of 
Ww. oO 


Corollary 1. Every p-adic field has exactly one unramified extension of a 
given degree. 


Proof : There is exactly one extension of a given degree of the finite field 
kx. Oo 


Corollary 2. If L/K is unramified, then its Galois group is cyclic. 


Proof : Every finite extension of a finite field is cyclic. oO 


To conclude the subsection devoted to unramified extensions we give an 
explicit description of them. 


Theorem 5.26. If K is a p-adic field, then its finite extension L/K is un- 
ramified if and only if L = K(Cn), where Cm is a primitive m-th root of unity, 
with p{m. 


Proof : The sufficiency is contained in Lemma 5.23. To prove the necessity 
assume that L/K is unramified. If we put f = f(Z/Q,), then we obtain that 
the field kz has p/ elements, and its multiplicative group is cyclic of order 
m = p! —1. Therefore its generator equals ¢, and we get ky = kx (Cm). 
Applying Hensel’s lemma we see that all m-th roots of unity lie in L. If 
L[,/K is generated by a primitive m-th rot of unity, then ZL, has the same 
residue class field as L, whence, since L/L, is unramified, we obtain L = Ly. 

oO 
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Corollary. [f L = K(¢m) and p{m, then every subfield of L, containing K 
is of the form K(¢,), with r not divisible by p. 


Proof : Every subfield of a field unramified over K is also unramified. O 


2. Now we turn to fully ramified extensions L/K, in which case f(L/K) = 1. 
We shall show that every such extension can be generated over K by a root 
of an Eisensteinian polynomial, i.e., a monic polynomial whose coefficients, 
except the leading one, lie in the prime ideal p of R, and the free term does 
not lie in p?. In the same way as in the rational case one shows that every 
such polynomial is irreducible over K. 


Theorem 5.27. If K is a p-adic field, and the extension L/K is fully ram- 
ified, then there exists an Eisensteinian polynomial over K, whose root a 
generates L/K, and, moreover, S = Rla|. Conversely, every extension gen- 
erated by a root of an Eisensteinian polynomial is fully ramified. 


Proof : Let L/K be fully ramified. We can use Theorem 5.2 with the set A of 
representatives of S mod $8, contained in R, to get the existence of a € B\P? 
with S = Ria]. Indeed, it suffices to choose b € R with vx(b) = 1, ee to 


define t, = b'a’ for k = ie + j with j = 0,1,...,e—1. Let F(X) = te 
bee c;X4 be the minimal polynomial of a over R. Since a® + yee = C3 ae =0 
we see that co € p, thus vz (co) > 1. Assume now that co, ¢1,...,¢;—1 all lie 


in p. Thus c; = bb; with b; € R, and 
—cja) = a® +--+ +0541 + b(bj_1a77* +--+ + bp), 


and in view of a°|b we see that c; is divisible by a, hence lies in p. It follows by 
induction that all c;’s lie in p. Moreover vz (a°) = e, and for j = 1,2,...,e—1 
we have v;,(cja?) > e, hence vz(co) = e, leading to vx (co) = 1, which shows 
that F is indeed Eisensteinian. 

To prove the converse assume that L/K is generated by a root a of an 
Eisensteinian polynomial X"+) >" j=0 yO XS, J. Obviously vz(a”) is positive, thus 
vy(a) > 1. This shows that 


nvi(a) = vp(a”) = vz (co) =e, 


whence n cannot exceed e, and finally n = e, showing that L/K is fully 
ramified. Oo 


Corollary 1. Every p-adic field has fully ramified extensions of any pre- 
scribed degree. 


Proof : In fact, the field generated over K by any root of the polynomial 
X” + 7 is fully ramified over K. O 
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Corollary 2. A p-adic field has only finitely many extensions of given degree. 


Proof : Let K be a p-adic field and fix a positive integer n. If L/K is an 
extension of degree n, and M/K is the maximal unramified extension of K 
contained in L, then it follows from Corollary 1 to Theorem 5.25 that we 
have only finitely many possibilities for M, since [M : K] is a divisor of n. 
Corollary 3 to Lemma 5.24 shows that it suffices now to prove that each such 
field M has only finitely many fully ramified extensions of a given degree m, 
because the degree of L/M divides n. To obtain that, let p be the prime ideal 
of the ring of integers R of M, let X be the Cartesian product of m—1 copies 
of p, and consider 


2 = X x (p\p?) 


with the product topology. Since p as well as p? are both compact and open, 
we see that 2 is compact. For a monic Eisensteinian polynomial f = X™ + 
wee a;XJ € R[X] denote by Y(f) the element [am_—1,...,@0] of 2, and 
observe that the map W is one-to-one. For a given fully ramified extension 
N/M let Vy be the set of all Eisensteinian polynomials whose roots include 
a generator of N/M. Proposition 5.9 implies that the set f(Vj) is an open 
subset of (2, and since the theorem shows that their union covers §2, we infer 
from the compactness of 2 that there is a finite subcovering, and this means 
that roots of Eisensteinian polynomials of degree m generate a finite number 
of extensions of M. O 


Note that the composition of two fully ramified extensions may not be 
fully ramified, as the following example shows: 

Take K = Q3, K, = K(V3), Ko = K(/—3) and L = K,K>. The ex- 
tensions K;,/K (i = 1,2) are fully ramified by the preceding theorem with 
e(K;/K) = 2. Since —1 is not a square mod 3, it cannot be a square in Q3, 
hence K, # Ko. In view of Theorem 5.26 the extension L/K, is unrami- 
fied, as L = K,(./—1), and so we get e(L/K) = e(L/Ki)e(Ki/K) = 2. As 
[L : K] = 4 we obtain f(L/K) = 2, showing that L/K is not fully ramified. 

Now we shall use Theorem 5.27 and Corollary 3 to Lemma 5.24 to obtain 
a refinement of the different theorem for p-adic fields, which will be extended 
in Chap. 6 to algebraic number fields. 


Proposition 5.28. If K is a p-adic field and the extension L/K is wildly 
ramified, i.e., ple, then the different Dy is divisible by P°. 


Proof : By Corollary 3 to Lemma 5.24 we can assume that L/K is fully 
ramified. Choose I in S' in such a way that S = R[ZZ], v_(JZ) = 1, and the 
minimal polynomial f(X) = X*+ are, a;XJ € R[X] of JZ is Eisensteinian. 
Then we have 


5.2. Extensions of p-adic Fields 227 


e-1 
vi (f' (IL) = va (eH +S) jajIT?~*) 
j=l 
Es min{vz(ell*"), vz (a1), vy (2a2I1), eee vi((e ~ ss ee fF acaaad 


and since vz (eII*®—1) = vz (e) +e—1 > e, and for every j = 1,2,...,e—1 we 
have vy(jaj;lIJ-1) > vz (aj) +j—1> e+j—1> e, we obtain vz(f'(I1)) > e, 
and so Dz = f'(II)S is divisible by P°. O 


Corollary. If K is a p-adic field and [L: K] =n, then the following condi- 
tions are equivalent: 

(i) L/K is tame, 

(ii) p” 4 d(L/K), 

(iit) Tr K(S) = R. 


Proof : The equivalence of (i) and (ii) results from Theorem 4.24 and the 
proposition just proved. To prove the equivalence of (i) and (iii) we use 
Corollary 3 to Proposition 4.13, according to which (iii) holds if and only 
if Dy;« has no divisors of the form AS with A being a proper ideal of R. 
Since Dyj;x = PB™ with m <e—1 if L/K is tame, and m > e otherwise (by 
Theorem 4.24 and the above proposition), and 8° is the minimal power of 
3B of the form AS with A C R, AF R, the assertion follows. O 


3. Now we shall look at tame extensions. Since every such extension can be 
decomposed in two consecutive extensions — the first unramified, and the 
second fully and tamely ramified (Corollary 3 to Lemma 5.24), and since 
we already know the structure of unramified extensions, we may restrict our 
attention to fully ramified tame extensions. 


Theorem 5.29. If K is a p-adic field, then the extension L/K is fully and 
tamely ramified if and only if L = K(a), wherea € S is a root of X" —b with 
v_(b) =1 andpt{n. 


Proof : The sufficiency of the condition stated results from Theorem 5.27 and 
the observation that in this case we have e(L/K) = n, and p{n. To prove 
its necessity we need a lemma: 


Lemma 5.30. Let L/K be a finite extension of a p-adic field K, p{m and 
a€R. Ifbe S satisfies vy(b™) = vz(a), and the quotient b™/a is congruent 
mod $$ to a unit of K, then there exists c € R, differing from a at most by 
a unit factor, such that the polynomial X™ —c has a root in K(b) CL. 


Proof : If b/a = e(mod $), with e € U(K), then put c = ea. If 4,...,2m 
are all roots of f(X) = X™ —c in a fixed algebraic closure of L, and v is the 
extension of the valuation of L to the splitting field of f, then we have 
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[Tee — 24) =v(b™ — c) = v(a)v(b™/a — c/a) 


= v(a)v(b™/a — €) < v(a) = v(b)™, 


thus for a certain j we have v(b — z;) < v(b), and therefore v(b) = v(z;). 
Moreover 


v(b)™—t = v(x)" = v( f(a) = [] o(ai — 25), 
Fj 
but for i 4 j we have v(x; — x;) < max{v(a;), v(a;)} = v(0), hence for i # 7 
we should have u(x; — x;) = v(b). Finally, we obtain for i # 7 the inequality 
v(b—«,;) < v(x; — #;), and we may apply Proposition 5.8. O 


Now assume that L/K is fully and tamely ramified of degree n = e. 
With a suitable unit e € LD we have 7 = elI®. Since in our case f = 1, we 
can find a unit 7 in K congruent to e mod %. Applying Lemma 5.30 with 
m=e,a=7, b= IZ, we obtain the existence of c € K with vx(c) = 1 such 
that the polynomial X° —c has in L a root, say xo. Since this polynomial is 
Eisensteinian, it is irreducible, hence [K (xo) : K] = e, and we get K(axo) = L. 


Corollary 1. If L/K is tame and M/K is finite, then the extension LM/M 
as tame. 


Proof : Let Lo be the maximal unramified extension of K contained in L. 
The extension L/L is fully and tamely ramified, hence by Theorems 5.26 
and 5.29 we have L = Lo(a), Lo = K(¢,), where a is a root of X™ — 6 with 
some b € Lo, satisfying vz,(b) = 1, p{ m = e(L/Lo) = e(L/K) and p{r. Put 
M, = M(G,¢m) and Ni = M,(a). Lemma 5.23 and Corollary 2 to Lemma 
5.24 imply that M,/M is unramified. Since LM Cc N; = M,(a) it suffices to 
show that N,/M is tame. Since M, contains all m-th roots of unity we can 


write 
m—-1 


x™—b= [](X- Ga), 
j=0 


and if f(X) = [[jes(X - Gia) is a factor of X™ — b, irreducible over My 
(with J c {0,1,...,m-—1}), then with s = #J we get a* € M,. Choose 
now such a factor f with the minimal possible value of s, and observe that s 
divides m. If b; = a’, then f(X) = X* — b;. Indeed, X* — 6; is divisible by 
f, because f is irreducible and has a common root with X* — b,, and now 
the equality of degrees implies the equality of polynomials. 

Finally, since Ni /M, is fully ramified, we obtain e(Ni/M,) = [NM : Mi] = 
s|m, but p{m, and thus N;/M, is tame. Oo 
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Corollary 2. If L/K and M/K are both tame, then so is LM/K. 


Proof : Apply Corollary 1 and the multiplicativity of ramification indices at 
consecutive extensions. Oo 


Corollary 3. If L/K is finite and M is the composite of all tame extensions 
of K contained in L, then M/K is tame, and if M # L, then L/M is a 
wildly and fully ramified extension, whose degree is a power of p. We have 
thus e(L/K) = e,p” with pt e, =e(M/K) and p* ={L: M]. 


Proof : The tameness of M/K results from Corollary 2. If M = L, then there 
is nothing more to prove. Assume thus M # L. Since M is the maximal tame 
extension of K contained in L, the extension L/M must be wildly and fully 
ramified. Put e: = e(L/M) and write [L : M] = e, = eop* with a certain 
€9 not divisible by p. Applying Lemma 5.30 for m = e€9, a = my, b = ne 
(where my, 7 generate the prime ideals in the rings of integers of L and 
M, respectively), we obtain that with a suitable unit « € M the polynomial 
X©—ery has aroot € € L. Theorem 5.29 implies that the extension M(£)/M 
is tame, and therefore € € M. Thus ep = 1. O 


Corollary 4. (Abhyankar’s lemma) If L/K is tame, M/K is finite and 
e(L/K) divides e(M/K), then LM/M is unramified. 


Proof : Let Lo be the maximal subfield of L, unramified over K. By Corollary 
3 to Lemma 5.24 the extension L/Lpo is fully ramified. Since Corollary 1 
to that lemma implies that LoM/M is unramified, we get e(IpM/K) = 
e(M/K), and this leads to 


e(M/K) = e(LoM/K) = e(LpM/Lo)e(Lo/K) = e(LoM/Lo). 


Since L/Lpo is fully and tamely ramified, Theorem 5.29 shows that we may 
write L = Lo(m) where z is a root of a polynomial X° — a, with e = e(L/K), 
a € Lo and vz,(a) = 1. If b € LoM satisfies vz,u(b) = 1, then with a 
certain unit u of Lo M we have a = ub*\/*). Since ele(M/K) we get, with 
e’ = e(M/K)/e, the equality 7 = ub®’, thus (mb-®)® = u, leading to 
LM = IoM(ul/*). 

Using Proposition 5.16 we can write u = Cui, with a root of unity ¢ of 
order not divisible by p, and uy € Ui(LoM). Because of p { e the number 1/e is 
a p-adic integer, thus Theorem 5.21 gives us! © € LoM. Hence LM = Ly M(E), 
where € is a root of unity of order not divisible by p. Now we may invoke 
Theorem 5.26 to obtain that LM/LIoM is unramified. Finally, we arrive at 


e(LM/M) = e(LM/LoM)e(LoM/M) = 1, 
and thus LM/M is unramified, as asserted. O 
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4. In this subsection we give some examples. First we enumerate quadratic 
extensions of a given p-adic field. 


Proposition 5.31. Let K be a p-adic field of degree n over Q,, put f = 
f(K/Q,), and let m be a fived generator of the prime ideal of the ring of 
integers of K. 

(i) If p # 2, then K has three quadratic extensions, namely K(,/7), 
K (JG) and K(./C), where ¢ is the primitive root of unity of order pf —1. 

(ii) If p = 2, then K has 2"+2 _ 1 quadratic extensions, each of them of 
the form K(./a) or K(\/am) with 

a = C% eft. - Ean (5.6) 


nm? 


where C is the primitive 2°-th root of unity, s is the irregularity index of K, 
€1,.--,€n are the free generators of the free summand of U,(K), as described 
in Theorem 5.21, and a; € {0,1} (¢ =0,1,...,n). 

(tit) In both cases exactly one extension is unramified and all others are 
fully ramified (in case (i) tamely, and in case (ii) wildly). 


Proof : Note that for any field K of characteristic # 2 the quadratic exten- 
sions are in a one-to-one correspondence with elements of K*/(K*)?, where 
(K*)? is the group of all non-zero squares of elements of K. Indeed, every 
quadratic extension of K is of the form K(./a) with a € K \ (K*)?, and if 
a,b € K* lie in the same coset mod (K*)?, then a = bc? holds with c € K*, 
thus K(./a) = K(vb). Conversely, if K(./a) = K(vb), then Ya = A+ Bvb 
holds with A, B € K, and a short computation shows that a and 6 lie in the 
same coset mod (K*)?. 

Proposition 5.16 and its Corollary 1 force us to look at the factor groups 
E,(K)/E,(K)?, Ui(K)/Ui(K)* and Z/2Z. The last group being trivially 
cyclic of order two, we are left with the first two. Assume first p # 2. Then 
U,(K) = U;(K)?, since 1/2 is an integral element of Q,, hence every principal 
unit is a square of a principal unit. Since E,(K) is cyclic of even order pf —1, 
thus E,(K)/E,(K)? is of order two, and finally we get K*/(K*)? ~ C2 x Co. 
The representatives of the cosets may be taken to be equal to 1, ¢, m and 
¢m, and this gives us three quadratic extensions of K, the first of which is 
unramified and the others fully and tamely ramified. 

Now let p = 2. In this case E)(K) is a cyclic group of odd order, and 
hence every its element is a square. By Theorem 5.21 we can write every 
element u € U;(K) in the form 


= CPE et 


with 0 < co < 2°, and cj,...,¢n € Z,. Writing each c; in the form c¢; = a;+2b; 
with a; = 0,1 and b; € Z, we get 


U = CM eGt .. ane? 
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with « € U,(K). Thus every coset of U;(K) mod U;(K)? contains an element 
of the form (5.6), and one sees easily that they all lie in distinct cosets. 
Thus there are 2'+” such cosets, hence K*/(K*)? ~ C}*?, as asserted. The 
remaining assertions are now immediate. Oo 


In the case K = Qo we can be more explicit. Proposition 5.31 shows 
that Q2 has 7 quadratic extensions. Observe now that Q»2 does not contain 
a fourth primitive root of unity, because the congruence X* + 1 = 0(mod 4) 
has no solutions, so s = 1 and ¢ = —1. Moreover 2 generates the prime ideal, 
hence to find the generators of quadratic extensions one has to determine 
the generator €; of the free summand of U;(Q2). To find it observe that 
the proof of Theorem 5.21 shows that €, generates the cyclic group U2/U3, 
because in our case the Corollary to Lemma 5.19 applies from m = 2 on. 
Since U2/U3 ~ C2, we can take for €, any element of U2 \ U3, for example 
€, = 5. It follows that Q» has the following quadratic extensions: Qo(V/5), 
Q2(V—1), Q2(V2), Q2(W—5), Q2(v—2), Qo(V/10) and Q2(V—10). Since the 
congruence X* = 5(mod 4) is solvable, Corollary to Theorem 5.15 shows 
that Q2(/5) is the only unramified quadratic extension of Qo, the remaining 
being fully and wildly ramified. 

Now consider biquadratic extensions, i.e. normal quartic extensions with 
Galois group isomorphic to C2 ® C2. 


Proposition 5.32. Let K/Q, be an extension of degree n, and let ¢ and x 
have the same meaning as in the preceding proposition. 
(i) If p # 2, then K has exactly one biquadratic extension, namely L = 
K(./m, VC). One has e(L/K) = f(L/K) = 2, thus L/K is ramified and tame. 
(ii) If p = 2, then every biquadratic extension of K equals K(./a, Vb), 
with a,b of the form given in (5.6). Not all such extensions are distinct, and 
all possible equalities between them are of the form 


K(Ja, vb) = K(Va, Ve) = K(vb, ve), 


with abc! € (K*)?. All these extensions are wildly ramified. If one of the 
fields K(./a), K(Vb), K(,/c) is unramified over K, then for L = K(./a, Vb) 
we have e(L/K) = f(L/K) =2. In all other cases e(L/K) = 4, f(L/K) =1, 
thus L/K is fully ramified. 


Proof : (i) Since a biquadratic extensions contains three quadratic subfields, 
the preceding proposition implies L = K(./z,/C). As L contains K(/C), 
which is unramified over K, we have e(L/K) < 2. On the other hand 
K(./m) C L is ramified, whence e(L/K) = 2, and f(L/K) = 2 follows. 

(ii) The assertions are immediate — it suffices to observe that none of the 
extensions K(,/a, /b)/K can be unramified, since the Galois group is not 
cyclic, and if a field does not contain an unramified subextension #4 K, then 
it has to be fully ramified. O 
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Corollary. If K is an extension of Q, with odd p, then there is no Galois 
eatension of K with Galois group CX’ with N > 3. 


Proof : If such extension would exist, then K would have at least two bi- 
quadratic extensions, contradicting part (i) of the proposition. O 


5. Now we shall consider normal extensions of p-adic fields. Our notation will 
be the same as in previous subsections. 

We shall define a sequence of subgroups of G = Gal(L/K), the study of 
which leads to important results concerning the structure of finite extensions 
of p-adic fields, and, as we shall see in the next chapter, also of algebraic 
number fields. 

First we define a map of G onto Gal(k,/kx). Let g € Ganda ce S. Then 
the element g(a) (where by we denote the canonical image of elements of S 
and R in kz and kx, respectively) depends only on @. Indeed, if @ = b, then 
vy(a—b) > 1 and thus vz(g(a) — g(b)) > 1 and g(a) = g(6). If we now define 
the map g: G@+> g(a) of kz into kz, then one sees immediately that it is an 
automorphism of kz, leaving kx fixed, and hence belonging to Gal(k,/kx). 


Proposition 5.33. The map © : g +> g is a homomorphism of G = 
Gal(L/K) onto Gal(kr/kx), whose kernel Go consists of all those g © G 
for which the congruence g(y) = y(mod 8) holds for ally € S. 


Proof : The surjectivity of ® was established in the last part of the proof of 
Theorem 5.25, where the assumption that L/K is unramified was not used. 
The remaining assertions are clear. O 


The group Gp occurring in the last proposition is called the inertia group 
of the extension L/K. Now we define for i = 1,2,... the ramification groups 
G; of L/K by 


Gi ={g€ Go: g(x)-rE sp’ for all x € Sh. 


Let us check that the G;’s are indeed groups. Take gi, g2 € G; and let 
xz éS. Then 


(9192)(x) — & = 91(g2(x)) — g2(x) + go(z) — x € Pt, 


hence gig2 € G;, and since G; is finite, it is a group. 

Note that for 7 sufficiently large the i-th ramification group is trivial, 
since an element lying in all G;’s has to satisfy g(x) — x € $8* for every non- 
zero x € S and all i, and this can happen only if g is the identity. The last 
non-trivial ramification group will be denoted by G}. 

The next theorem gives the main properties of the sequence Go, G},.... 
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Theorem 5.34. Let L/K be a normal extension of a p-adic field K and let 
G be its Galois group. 

(i) The maximal unramified extension Lo/K contained in L corresponds 
by Galois theory to the inertia group Go of L/K. The inertia group is a nor- 
mal subgroup of G of order e(L/K), and the factor group G/Go is cyclic of 
order f(L/K). If we identify the groups Go and Gal(L/Lo), then the ramifi- 
cation groups of L/K and L/Lo coincide. 

(ii) The maximal tamely ramified extension L1/K contained in L corre- 
sponds by Galois theory to the first ramification group G, of L/K. The group 
G, is a normal subgroup of G; it is a p-group, and the factor-group Go /Gi 
is cyclic of order not divisible by p. Moreover, there exists an embedding of 
Go/G1 into the multiplicative group of ky. 

(itt) For i =1,2,...,t the ramification groups G; are normal subgroups of 
G, and the factor-group G;/Gi+1 can be isomorphically embedded in U;/Ui+1. 
These isomorphisms are induced by the maps f; : G; —> U;/Ui41, defined 
by 

fi(g) =9()H-* (mod $f"). 


Proof : The group corresponding to Lo can be identified with Gal(L/Lo). Let 
g € Gal(L/Lo). As every element of ky has a representative in Lo, which is 
invariant under g, we get g € Go, thus Gal(L/Lo) C Go. To prove that these 
groups are equal it remains to show that they are of the same order. The 
isomorphism Gal(Lo/K) ~ G/Gal(L/Lo) shows that 


#Gal(L/Lo)#Gal(Lo/K) = #G, 
but, on the other hand, Theorem 5.25 and Proposition 5.33 give 
G/Go ™ Gal(ki/kx) ~ Gal(Lo/K), 


whence #Go = #G/#Gal(Lo/K), and this implies Go = Gal(L/Lo). Since 
G/Go is equal to the Galois group of a unramified extension, it is cyclic 
by Corollary 2 to Theorem 5.25. The statements about the order become 
now evident, and the last assertion follows from the fact that Go leaves Lo 
invariant. 

(ii) Consider the map &: Go —> kj defined by 


(9) = g(II)I~* mod §. 


This map does not depend on the choice of I, since for every unit € of L we 
have 
gel) (eI) ~* = glee g( I) * = g( I) I~ mod 8, 


in view of g(e)e~! = 1(mod $B) for g € Go. Moreover @ is a homomorphism, 
since 
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(gh) = g(h(II))~* mod B = g(h(I1)) AUD)“ *AUT)~* mod B 
= P(g) P(h) 


holds in view of h(IZ) = e/I, with a unit ¢. It is clear that the kernel of 
equals G. If e; is the order of the image of #, then p{ e,, and if M is the 
field corresponding to G;, then G; C Go shows that M contains Lo, which 
is the maximal unramified extension of K contained in L. Moreover we have 
[L : M] = #G, = e(L/K)/e1, and since L/M is fully ramified, because of 
Lo C M, we obtain e, = e(L/K)/e(L/M) = e(M/K), hence M/K is tame, 
ie., M Cc Ly . We now have the following situation 

KcIyo>cCMclh CO, 

od €1 ea opk 
where the subscripts indicate the respective degrees, e(L/K) = eop* with 
pt eo and e€2 = e€9/e1. 

Observe now that Gal(L/L,) is the unique maximal p-subgroup of the 
group Gal(L/M). Indeed, if Gal(L/M) would have another maximal p- 
subgroup, then we could take the corresponding field, and compose it with Ly 
to get a tame extension of K larger than Ly, and contained in L. Therefore 
Gal(L/L,) is anormal subgroup of Gal(L/M), and this shows that L,/M is 
normal, tame and fully ramified. By Theorem 5.29 we can write L; = M(a) 
with integral a, generating the prime ideal in the ring of integers of Li, and 
satisfying a®? =b € M. If g € G,, then we can write g(a) — a = AIJ? with 
A€S, and this gives 


at? = b = 9(b) = g(a") = g(a) = (a+ Al”), 
hence 1 = u®, with 


All? 
uw=1+ . 
a 


Observe that wu is a principal unit of L. Since p + e2, we have 1/e2 € Zp, 
therefore elements of U,(Z) have unique e2-th roots, so u = 1, and we get 
g(a) =a. Thus g leaves Ly invariant, hence L; = M results. 

Since all conjugates to [1 are equal [, we see that G; is normal. The 
map © induces an embedding of Go/Gj into the cyclic group k7, and this 
implies that Go/G is cyclic itself. 

(iii) It suffices to check that all maps f; are homomorphisms independent 
of the choice of I, and this can be accomplished in the same way as in (ii). 
The equality Ker f; = Gj41 is evident. To obtain the normality of G; in G 
note that G; is the maximal subgroup of G acting trivially on the quotient 
S/3°*, and it is clear that if g lies in G and h acts trivially on S/$**1, then 
ghg~' does the same. O 


Corollary 1. If F = f(L/Q,), then fori =1,2,...,t the quotients G;/Gi41 
are embeddable in the group cr , 
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Corollary 2. Let L; be the field corresponding by Galois theory to the group 
G; («=0,1,...,t). Then K CLIoc...cC ih; CL, and if we write e(L/K) = 
eop* with p { eo, then e(Lo/K) = 1, e(Li/Lo) = e0, and fori = 1,2,...,t 
we have e(Li41/L;) = p™ with a; positive, except the case when Li41 = Lj. 
Moreover we have e(L/L;) = p™ with positive az, ay + ag ++: +a: =k, 
f(Lo/K) = f(L/K) and f(L/Lo) =1. The extensions Lo/K and Li/Lpo are 
cyclic and Gal(L/L1) is a p-group. 


Proof : This is an immediate consequence of the theorem. O 


Corollary 3. The Galois group of any finite normal extension of a p-adic 
field is solvable. 


Proof : By Corollary 2 every such extension can be obtained in three consec- 
utive steps: first two cyclic extensions, and then an extension, whose Galois 
group is a p-group. Since at every step we have a solvable group the assertion 
results. O 


Now we can determine the different of a normal extension in terms of its 
ramification groups. Before doing this, we prove a simple lemma allowing us 
to determine whether a given element of Go belongs to the i-th ramification 
group. 


Lemma 5.35. If S = Ria], then the element g € Go lies in G; if and only if 
vi(g(a) — a) > 1 +i. 
Proof : The necessity of this condition being evident, we turn to its sufficiency. 
Write a non-zero element x € S in the form 2 = co + cpa +--+: +c¢,_1a"71 
with c; € R. Then 
g(x) = co + c1g(a) +++ +en-1g(a)""* =z (mod P'*"), 
and since g(a) — a divides g(x) — x, our assertion follows. O 
Corollary. If S = Ria], then fori =0,1,...,t we have 
G; \ Gini = {g: v(g(a) —a) =i+ 1}. 


Proof : Clear. Oo 


Now we can obtain a formula for the different of a normal extension: 
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Theorem 5.36. If L/K is normal, then Dr/x = p4, where 


A=)_(#G;-1). 


j=0 


Proof : In view of Theorems 4.24 and 5.34 (i) it suffices to prove this formula 
for fully ramified extensions. Assume thus that L/K is fully ramified. Then 
by Theorem 5.27 we have S = Ra] for some a with vz (a) = 1. If f € RX] 
is the minimal polynomial of a, then Dz/;x = f’(a)S, hence A = v,(f'(a)). 


Since 
f@= TJ @-9@), 
geG,g#e 
and in our case G = Go, thus 


vi(f"(a)) = >> vz (a — g(a) 


gEG 


g#e 
t-1 
=> YS wula~gla))+ > rx(a- g(a). 
j=0 gE G3\G541 Jee, 
Using the Corollary to Lemma 5.35 we obtain 
t-1 t 
vi(f'(a)) = S95 + WEG; — #Gj41) + (4+ HG: — 1) = (HG; - 0), 
j=0 j=0 
as asserted. OJ 


Corollary. If q is a prime, L/K is a normal extension of a p-adic field K, 
and Gal(L/K) is a q-group, then 


Digest: 
holds with a certain ideal I. 


Proof : Since the extension L/K can be obtained by consecutive extensions 
with Galois group Cj, and Dz;x is the product of the differents of those 
extensions, it suffices to consider the case when Gal(L/K) ~ Cy. If L/K 
is unramified, then the assertion is trivial, as Dp/~ = S, so assume that 
e(L/K) > 1. In this case we get #Gp = gq, and the remaining ramification 
groups are trivial in the case g 4 p, and are isomorphic to C, if g = p, thus in 
any case #G';—1 € {0,q—1}, and the assertion follows from the theorem. O 
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1. In this section we shall apply results from the theory of locally compact 
Abelian groups to the study of additive and multiplicative groups of a p-adic 
field K. The principal facts of that theory may be found in Appendix I. 

Observe first that by Theorem 5.6 the groups K+ and K* are locally com- 
pact, and the same holds for the groups U;(K’), which are moreover compact. 
Our next aim is the description of the duals of these groups, and later we 
shall consider the Mellin transform in K*. The principal result of this section 
is a theorem dealing with the functional equation for the Mellin transform, 
proved in the thesis of Tate [50]. 

Throughout this section K will be an extension of degree n of Q,, R will 
be its the ring of integers, $B its prime ideal, 7 a fixed generator of $, v the 
corresponding exponent, v its valuation, normalized by the requirement 


v(x) = NB), 


U,Uj,... will be the unit groups, and D = Dx g,. 
First we determine the dual group of KT. 


Theorem 5.37. The group Kt is topologically isomorphic to Kt, and every 
character of Kt has the form X(ax), where X is a fixed non-trivial char- 
acter of K*, anda € K*. The map ®: a++ X(az) provides the required 
isomorphism. 


Proof : Fix a non-trivial character X of Kt. Then X(az) is obviously also 
a character, and it is clear that the map © is an algebraic homomorphism. 
Let ¢ € K+ be chosen so that X(t) 4 1. If a € Ker, then X(ar) = 1 
holds for all z € K, whence in the case a 4 0 we get for x = t/a the equality 
1 = X(t) £1, a contradiction. This gives a = 0, and so © is injective. 

Now we prove that ® is a homeomorphism of K* into its dual group. If 
x1 is a character of Kt, then the sets 


U =U(e,C) = {x: |x(z) — x1(2)| < € for x € C} 


(with « > 0 and compact C’) form the fundamental system of neighbourhoods 
of the character x;, and so to prove that ® is continuous it suffices to observe 
that the set 6-!(U) is open, being equal to 


{ae Kt: |x1(x) — X(azx)| < € for 2 € Ch. 
Let V be a fixed non-empty open subset of K. Then 
GV) ={x: x(x) = X(az) forae V}. 


Let now X;(x) = X(ax) € &(V) be fixed. We claim that a suitable neigh- 
bourhood of it in the set of characters having the form X (br) (6b € K*) with 
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the topology induced from K* is entirely contained in (V). Let v be the 
valuation of K, and choose ¢ with X(t) 4 1. Moreover put 


«= |1-X(), M=20(0)/ inf va—2), C= {ee K*: v(x) < M}. 


The neighbourhood U(€9, C)N&(K*) of Xj satisfies our requirement. In fact, 
if X (bx) belongs to it, then for every x € C' we have 


|X (bx) — X(ax)| < €, 


i ll —X((b-a)z)| < |1- X()|, 


showing that the element t/(b — a) does not lie in C, thus v(t/(b —a)) > M, 
and we obtain finally 


dt 
v(b—a) < v(t)/M = 5 nf vle — 2), 


proving b € V. Hence &(V) is open in (KT), and we see that 
®: Kt —+6(K*) 


is a homeomorphism. The local compactness of K* implies the same for 
&(K*), and since K is complete, thus 6(K +) is complete, and consequently 
closed in K+. We shall now show that (K+) is dense in the dual group 
of K+. If it were not dense, then there would exist a non-trivial character 
x of that dual group, satisfying x(W) = 1 for ~ € &(K*). Since Theorem 
I of the Appendix I implies the existence of a non-zero c = c(x) € KT 
with x(~) = (c), but every 7 € &(K*) is of the form y(x) = X(ax), and 
therefore for all  € K* we would have X(azx) = 1, implying xkK* 4 KT, 
and thus x = 0. This shows that the group (K+) is dense in K*, and since 
it is also closed, the surjectivity of ® follows. O 


In the sequel we shall use a standard choice of the character X. First 
consider the case K = Q,, and observe that to every x € Q, one can find 
a unique rational number A(x) in the interval [0,1) whose denominator is a 
power of p, and for which the difference x — \(x) is a p-adic integer. Indeed, 
every element of Q, can be written uniquely in the form 


e=a_np “+--+ +a9 +a1p+ agp? +---, 


with 0 < a; < p, a; € Z, and so we may define \(x) = a_wp-“+-+-+a_yp7 


if x € Zp, and A(x) = 0, if ¢ € Q, \ Zp. The function 2 is continuous and 
additive mod 1, i.e. the difference A(x + y) — A(x) — Ay) is a rational integer. 
Putting 

X (x) = exp(27ir(z)) 
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we obtain a non-trivial character of On . In the general case let Q, C K, and 
define the standard character by 


X (a) = exp(27iA(TK/Q, (£)))- 


To see that X is non-trivial write [K : Q,] = pq, with m > 0 and p{ q, 
and consider z = p~™~!. Then T, K/Q,(%) = q/p, and obviously the number 
X(q/p) is not a rational integer. 

Now we determine the character group of the additive group of R. 


Proposition 5.38. The dual group of the additive group R* is isomorphic 
to K*+/D7}, 


Proof : The definition of the different shows that we have Tx/g, (x) € Zp if 
and only if x lies in D~!, and thus the character X (az) is trivial on R if and 
only if a € D~!. (We use here the standard fact that every character of a 
closed subgroup of a locally compact group G can be extended to a character 
of G). O 


2. Theorem 5.16 reduces the study of characters of the multiplicative group 
K* to a description of characters of the group Uj, and this will be achieved 
by applying Theorems IV and V from Appendix I. 


Theorem 5.39. The dual group of U; is a discrete p-group. To every cha- 
racter x of U, there corresponds a positive rational integer m such that x 
trivializes on Um. Therefore x may be regarded as a character of Uy /Um. 


Proof : By Theorem V of Appendix I the group Uj can be represented as 
the inverse limits of the system {U;/U;} with obvious maps. Hence U; is the 
direct limit of the groups U;/U;, which are finite p-groups. Since the maps of 
the considered system are in fact embeddings, the theorem follows. O 


If x is a non-trivial character of U;, and m = m(x) is the smallest natural 
number for which the character x of U; trivializes on U,,, then the ideal 
fy = $B” is called the conductor of x. For the trivial character x9 of U; one 
puts f., = R. 

Now let w# be a character of K*. Theorem 5.39, Proposition 5.16 and its 
Corollary 1 imply that every such character is determined by a character x 
of U;, a rational integer n € [0, pf — 2] (with f = f(K/Q,)), and a complex 
number z on the unit circle, so that for = e¢"n™ © K* (with ¢ being a 
primitive (p/ — 1)-th root of unity, « € Uj(K),  € $B \ PB? and m € Z) we 
have 


V(x) = x(e\crrz”™. 
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The conductor of w is by definition the conductor of x, In the same way we 
may speak about conductors of characters of any subgroup of K* containing 
U;. 

Now we turn to quasicharacters. 


Theorem 5.40. (i) Every quasicharacter of Kt is a character. 

(ii) Every quasicharacter q of K* is determined by a pair [x, z], where x 
is a character of U, and z is a non-zero complex number. If x = ex” is the 
canonical form of an element of K*, then q(x) = x(e)z”, 


Proof : (i) It suffices to show that every quasicharacter of K* is bounded. 
To do this observe that the restriction of g to R must be a character, since 
R is compact. Hence for « € R we have |q(z)| = 1. But every element of 
K* can be put in the form x/m with x € R and a natural m, and since 
|q(x/m)|" = |q(x)| = 1 we get |q(x/m)| = 1. 

(ii) Since U(K) is compact, every quasicharacter on it must be a character 
and we may use the preceding observation. O 


It follows from the last theorem that every quasicharacter of K™ is trivial 
on a certain group U,,,. If it is trivial on U, then we call it unramified, and 
if it trivializes on U,,, and m is minimal, then m is called its ramification 
degree, and the ideal 3 its conductor. For convenience we call 8° = R the 
conductor of any unramified quasicharacter. We shall write cond(q) for the 
conductor of q. 


3. In this subsection we shall fix a Haar measure in K+ to make the inversion 
formula for the Fourier transform look as simple as possible. We shall also 
determine a Haar measure in K*. 

First a triviality: we extend the absolute norm of ideals as defined in Chap. 
1 to all fractional ideals by multiplicativity, and observe that the following 
analogue of Proposition 4.7 (i) holds also in p-adic fields: 


Proposition 5.41. If Q, C K, then the absolute norm of a fractional ideal 
I of K generates in Zy the ideal Nx/q, (1); 


Proof : Repeat the proof of Proposition 4.7 (i), replacing in it Z by Zp. O 


Now we choose the Haar measure yz in Kt so that the ring R acquires the 
measure N(D)~1/?. Integrals with respect to that measure will be written 
simply as f f(z)du(x). The reasons for such a choice become obvious when 
we prove the following proposition. 


Proposition 5.42. If f is a continuous function in L\(Kt) whose Fourier 
transform 
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fy =f $@)xendula), 


(where X is the standard character of K*) belongs to Li(K*), then the 
following inversion formula holds: 


fle) =f fe)X(enan(u) =f. 


Proof : We begin with a useful lemma: 


Lemma 5.43. If a is a non-zero element of K, then the measure p(aR) of 
the fractional ideal generated by it equals N(aR)~!N(D)-¥/?. 


Proof : Choose a power gq of the prime p, satisfying b = qa € R. The additive 
group of bR is of index N(qR) = q” in aR, and since all cosets have the same 
measure we get (aR) = g”u(bR). Moreover, the index [Rt : (bR)*] is equal 
to N(bR), thus u(bR) = u(R)/N(bR) = N(D)-'/?N(bR)~? and finally 


u(aR) = q”N(D)~/?N(bR)-! = N(D)"/?N(aR)?. 


Corollary 1. If I is a fractional ideal of K, then p(I) = N(I)~!N(D)~1/?. 
Oo 


Corollary 2. If I = aR is a principal fractional ideal of K, then 
p(I) = v(a)N(D)-¥?. 


Proof : Observe that our normalization of the valuation implies the equality 
v(a) = N(aR)7?. oO 


Returning to the proof of the proposition observe that it suffices to check 
it for one arbitrarily chosen function f. We shall choose the characteristic 
function of R, which is continuous, since R is both closed and open, and lies 
in Li(Kt), because yu(R) is finite. Its Fourier transform equals 


fy) = i X-'(ay)duly), 


and since the integrand is a character, and we integrate over a compact 
subgroup, the integral vanishes, except when for all x € R one has X(xy) = 1, 
in which case f(y) = u(R). But we already know that X (cy) is trivial for 
x € Rif and only if y € D~!, and so we arrive at 


a7 6 (NED): cif e D=4, 
fy) = ' otherwise. 


242 ~=5.- B-adic Fields 


The function f belongs to Li(K*) since D~! is compact. Now we look at 
the inverse transform 


| fo@xtenduty) = voy? [_ xCau)anta. 

K+ D-1 

Again the integrand is a character, and we integrate over a compact subgroup. 
The previous argument is hence applicable, and leads to the conclusion that 


X (zy) is trivial on D~! if and only if z € R. Taking into account the equality 
u(D-!) = N(D)'/?, resulting from Corollary 1 to Lemma 5.43, we obtain 


yf X(enanly) =F), 


as asserted. O 


Now it is easy to obtain a Haar integral in the multiplicative group of K: 


Proposition 5.44. If I(f) = fat (x)du(x) is a Haar integral in K*, then 
the functional 
a F(z) , 


on =f oe 


is a Haar integral in K*. 


du(x) 


Proof : We have to check that if g(x) = f(ax) with a € K*, then C(f) = 
C(g), but this follows from the equalities 


f(az) f(az) 


K+ U(ax) K+ U(az) 


as |e Ley. 


(9) = K+ v(x) 


v(a)du(x) = 


the crucial point here lying in the identity du(axr) = v(a)dp(z), i.e., u(aEk) = 
v(a)u(E) for measurable E Cc K, a fact, which follows from Lemma 5.43. O 


In the sequel we shall utilize a multiple y* of the Haar measure (with 
differential du*(x)) in K* induced from the Haar integral C(f), namely 


_N(B) de 
N(®) — Lo(a)’ 
One verifies immediately that this measure gives 
u*(U) = N(D)“*?, 
Hu" (Um) = (NOB) — 11 N(D) “1? NB). (5.7) 


du" (x) = 


In fact, 
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NO) oN) Z 
Fon? HBT Lym HO nae ) 


= (N(R) — OND) 


by Corollary 1 to Lemma 5.43, and the invariance of d(x) under shifts. 


4. Now we shall consider the Mellin transform in K* and prove the functional 
equation for it. The results of this subsection will be used in Chap. 7 to 
deduce the functional equations for certain classical functions, associated with 
algebraic number fields. 

First we put the quasicharacters q in a convenient form, related to our 
specific choice of the valuation v. By Theorem 5.40 (ii) we have for x = en™ 
(with € € U) the equality g(x) = x(e)z™ with y € U, and a non-zero complex 
z. Now v(x) = N(%)~™, hence m = — log v(x) /log N($), and z™ = v(x)§ 
with s = log z/log N(98), where the complex number s is determined only 
up to a rational integral multiple of 27i/ log N(%). We obtain thus 


q(x) = x(e)o(a)’, 


and we can always assume that 0 < Im s < 27/log N(%). The real part of s is 
uniquely determined by qg. We shall call it the exponent of the quasicharacter 
q and denote it by e(q). Observe that the equality e(q) = 0 is both necessary 
and sufficient for g to be a character. 

We shall call two quasicharacters 


q(x) = x(e)v()* and qi (x) = xi(e)o(@)** 


equivalent if y = x1. If the character y is fixed, then all quasicharacters 
equivalent to x are in a one-to-one correspondence with points of the Riemann 
surface obtained by identifying points on the complex plane whose difference 
is a rational integral multiple of 27i/log N(8). This correspondence induces 
an analytical structure in any fixed equivalence class of quasicharacters. In 
particular we can consider analytical functions defined on an equivalence 
class: if F(q) is a complex-valued function defined for quasicharacters q in 
an equivalence class, then F'(q) may be treated as a function of s alone, and 
we shall say that F is analytic at a point q(x) = x(e)v(z)*, provided it is 
analytic at s. 

Let f be a continuous complex-valued function on K, lying in L(K*), 
and assume that for every positive t the function f(x)v(z)? is in Li(K*). If 
q(x) = x(e)v(x)* is a quasicharacter of K* with e(q) > 0, then the product 
fq lies in L;(K*), and so the formula 


A fa) = 2fix8) = | fle)aledu(o) (5.8) 


defines, for fixed f and x, a function of the complex variable s in the half- 
plane Re s > 0. This function will be called the zeta-function associated with 
f and the equivalence class of quasicharacters determined by yx. 
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Now we present some examples of zeta-functions. Let q(x) = y(e)vu(«)° 
and 8% = cond(q). 


Proposition 5.45. (i) The zeta-function of the characteristic function lvy,, 
of Um (m= 1,2,...,) equals 


Z (lms X18) = oe —1)4N(D)"PAN(P)™ = ifm>N, 


iffl<m<N-1, 
(it) The zeta-function of the characteristic function ly of U equals 


—1/ 4 ot 
Z(tu.x.8)={ NO) a er, 


(iit) The zeta-function of the function 


ee ee feeg  D-*, 


0 otherwise, 
where X is the standard additive character of K, equals 


_ { N(Dy-¥?(1 = N(B)~*)4 ifx=1, 
2 = 1 ew DN GR MeN) 1) er 


where 


Tr 
T0(x) = Ye) Xa e,), (5.9) 
i=l 
with €1,...,€, being a set of representatives of the cosets mod Uy in U, and 


pi D. 
Proof : (i) For x € Um we have x = € and q(x) = x(e), thus 


ifm>N, 
otherwise, 


, 
Z(t x18) = ff xloant(e) = { fom HO 
and it remains to use (5.7). 

Note that in this case the zeta-function is constant on each equivalence 
class of quasicharacters, and therefore, although it is originally defined only 
in the half-plane Re s > 0, it can be extended to an entire function. 

(ii) In this case one proceeds in a similar way, and again the zeta-function 
does not depend on s. 

(iii) If we write x = €,7”) and D = 3”, then 
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Z(f,x, 8) 


Toe, ol en)o(x)*dy"(0) 
(DBN)-1 


= wep f xe )x(ex)au"(@) 


j=-m—N 
& eNO | Ketahxlaldu"() 


For j > —m we have 1/U Cc D~', hence in this case 


I= f x(wx)x(a)du"(a) = f x(a)an"(@ 


_ jo ifN >0,ie. x £1, 
~ \N(D)-¥/? if N=0, ie, ¥=1, 


and thus 
—m—1 
Z(fix8)= >> NB); + CO)N(D)* PNP) (1 — N(B)-*), 
j=—m—N 


where C(x) equals 1 if the character x is trivial, and equals zero otherwise. 

We can now dispose of the case x = 1. In fact, in this case we have N = 0, 
thus the sum occurring in the above expression is void, and C(x) = 1, hence 
we obtain our assertion. 

If x is non-trivial, then we have to compute the integrals I; for -m—N < 
j <—m—1. It will turn out that they all vanish, except for I_m_n. 

Observe first that the value of the character X(t) depends only on the 
coset mod D~! determined by t. Note, moreover that the set 7/U consists 
of full cosets mod D~!, because if a € 1U, i.e., v(a) = j, and the difference 
b—a lies in D~', then in view of 7 < —m we get v(b) = j. 

Now let 7 4 —m—N. With suitable a1,...,a, € 7U lying in different 
cosets mod D7! we have 


k 
WU = (ai + D7), 


i=l 
and therefore 


k 
= x(a) [ x(o)do" (2) 


a 


where A; = (aj + D7!)n-J = air I (14+ B-™”). But 


i; x () dy (at) = (arn?) ii x(a)dy* (2), 
Ai 14B-™-5 


a 
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and since x is non-trivial on 1+ $%~™~J, the last integral vanishes. We see 
thus that our zeta-function equals 


N(P) SenLeLy Gera s 


and so it remains to reduce the integral I_,,_) to a handy form. Since the 
character x is constant on the cosets mod Uy in U, we obtain 


T 
emw = ox(e) f X(-™-Nz)du*(), 
i=1 «Un 
but since x € e;Uy implies 
aN ge ea tN ee Poy 
thus X(n~"™—Nz) = X(n-™-Ne;), and we obtain 
r 
TN S> x(€:)X (1 €;) 
i=1 


= To(x)(N(B) — 1)" N(D)“ NB) NT, 


Using (5.9) we arrive at our assertion. O 


4 (2) = 70%) I a (@) 


eiUN 


5. Now we can prove the promised functional equation for zeta-functions: 


Theorem 5.46. Let f be a continuous complex-valued function on K, which 
belongs to L1(K*). Assume moreover that its Fourier transform 


fay= [ #@x“ev)de 


also belongs to Li(K*). Finally assume that for all t > 0 the functions 
f(x)v(a)* and f(a)v(x)* lie in Ly(K+). If we denote by @ the quasichar- 
acter of K* defined by G(x) = q~\(x)u(x), then for all quasicharacters q with 
0 < e(q) < 1 the corresponding zeta-function satisfies the following functional 
equation: . 

Af.) = p()Z(F,4), (5.10) 


where 


a= { N(D)*-/?(1 — N(P)8-1)(1— N(P)-*)-1_— af N =O, 
T0(x)N(D)*-1/?N(P)NO-D if N £0, 


where N is defined by cond(q) =, and 7 is defined by (5.9). 
Proof : Let f,g be functions on K, both satisfying the conditions imposed on 


f in our theorem, and observe that in view of e(@) = 1 — e(q) the condition 
0 < e(q) < 1 ensures the existence of all integrals occurring below. 
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We have 


2(f,gZG a= Vesads f(x)9(y)a(ay2)o(y)du* (w)du"(y), 


at 


and making the substitution t = yx~* we obtain 


ztaZaa =f (fi, seeracee)n(ayaw(e)) ate o(an" (0, 


We show now that the inner integral is symmetrical in f and g, and this 
will produce the equality 


ZF, 29,9 = 29,92, 9- (5.11) 


In fact, noting that v(x)du(u) -du*(x) = v(u)du(x) - du*(u), and the sets 
K* and K* differ only in one element, we obtain 


I _ F(@)a(tn)o(a)dy"(2) = a f(a)v(e) hn g(u) X (wtuydy(u)dps* (c) 
=a) i _ A @)gludo(a)X (etapa (ud (a) 
Z iy a(u)o(u) ; f(a) (eta) du(ae)d*(u) = 
- 
= a a(u) f(ut)v(u)dp*(u). 
K* 


Now let us fix an equivalence class {q: q(x) = x(€x)u(x)*}, determined 
by a character x of U, and let cond(x) = 8%. We specify now the function 
g, by putting 

je re if2e Dg, 
otherwise. 

This gives 


aw =f) X@Ox-avddne) = fl XO — wan 
{mye if N £0,y € Un, 
= 4 N(D)/? if N=0,y€ R, 
0 otherwise. 


The zeta-functions for g and g were computed in Proposition 5.45, with 
the exception of Z7(g,q) in the case N = 0. But in this case we have q(x) = 
v(2)*, thus 


aaa) =f ND) P0(a)tdy"(2) = S/, 4 NON Pvle)tau"(e) 


co 


= oepyenoy? faut) = 0- ea 


j=0 
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Finally we arrive at 


- N N(%)—1) if N 40, 
Z(G, q) = { He aa if N # 0, 


and we see that the quotient Z(g,q)/Z(g, G) equals p(q). This, in view of the 
equality (5.11), implies the theorem. O 


Corollary. Under the assumptions of the theorem the zeta-function Z(f,q) 
is for every fixed equivalence class of quasicharacters a regular function of s in 
the half-plane Re s > 0, and can be prolonged analytically to a meromorphic 
function. 


Proof : We begin with the regularity. Let o = Re s > 0, |h| < 1, and consider 
the difference 


Mfrs th) Z(f,X; 8) 


de f(@)x(éx)v(a)* log v(x) dy" (2) 
=f Hex(e.o(0y et ~ tog v(t) du"(e) 


We shall prove that this difference tends to 0 with h. We can write it in the 


form ; 
.  s_glog’ u(x), , 
hf sa)x(ex)o(a)? ow? EPO) ay, 
K* j=2 Wi 
and so it does not exceed 


il fl eCa)lo(ay? So ae 2 HE OD ye a, 
j=2 


We split the last expression in two parts: the first, I;, extended over the 
set {x : v(x) > 1}, and the second, Iz, extended over the remaining part of 
K*. 


Since 
sim f — [f(o)lo(@)**au"(o), 
v(x)>1 
we see that limp_,9 J; = 0. To evaluate Iz choose a constant B > 4/07, and 


let |h| < (0 /2)°. Then for j = 2,3,... we have |h|J-? < B(o/2)4, and thus 
Ig does not exceed 


la ee, Lf @)Io(@)” Bexp(—Z log v(x) dp*(z) 


= Bhhl i maf @M@)"Pae"(@), 


and therefore limp_,9 In = 0. 
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Now observe that since p(q) = p(x,s) with a fixed x is a meromorphic 
function of s, the functional equation (5.10) can be used for the prolongation 
of Z(f,q) to a meromorphic function of s, since for Re s < 1 the right-hand 
side of (5.10) is well-defined and regular up to the poles of p(q). In view of 
the theorem the two definitions of Z(f,q) in the strip 0 < Res < 1 (one 
direct and the other via the functional equation) agree with each other. O 


It should be pointed out that the zeta-functions can have their poles only 
at the poles of o(q). Moreover, the last theorem shows the importance of the 
sum 70(x) for the general theory, and not only as a factor of the zeta-function 
of a particular function. In the next chapter we shall say more about this sum, 
and now let us return to the factor p(q), occurring in (5.10). 


Proposition 5.47. If for a quasicharacter q we denote by @ the quasichar- 
acter q~'-v, then we have: 
(i) e(4) = a(-1)p(a)"", 


(tt) p@) = a(-1) (9); 
(itt) If e(q) = 1/2 and cond(x) = 8% with N # 0, then |p(q)| = 1, whence 


|70(x)| = N(BN)V?. 


Proof : (i) Let f be a function , satisfying the assumptions of Theorem 5.46, 
and whose zeta-function Z(f,q) does not vanish at g. Such functions exist, 
e.g. one can take for f the function occurring in part (iii) of Proposition 5.45. 
The functional equation implies 


Z(f,4) =e DZ(f.9 = p(q)e(4)Z(f, 4)- 


But f(e) = f(—2) and (a) = q(x), whence 
ahd) =f s(-a)ale)dut(@) =a) | Fle )ale)au"(e), 


thus Z(f,4) = 4(-1)Z(f,@), and Z(f,4) = p(a)o(@)a(—1)Z( fq), leading to 
a(—1)p(4)e(4) = 1, 


ie., in view of g(—1) = £1, p(¢)p(g@) = g(-1). 

(ii) This time let f be a function satisfying the assumptions of Theorem 
5.46, such that the zeta-function of its Fourier transform does not vanish at 
q (here again the function from Proposition 5.45 will do). Then 


Z,9 = Z(F,D = o@Z(.4); 


and in view of g =g and 
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f(x) = 2 Flu) X@u)duly) = iL f(y) X (ay) duly) = F(—2) 
we obtain 


zi) =f Feiteau(a) =f f-z)ate)ay(o) 


= 4-1) | Fle a(w)ayr(@) = (-) 26.9. 
K* 
Now the functional equation implies 
Z(F,9) = e@ZF9, 

and using the equality Z(f,q) = p(Q)q(—-1)Z(f, G) we arrive at q(—1)p(@) = 
P(q), which implies (ii). 

(iii) If e(q) = 1/2, then |q(x)| = \/v(z), thus 

q(x)q(x) = v(x) = a(x) 4(a), 
ie., G(x) = G(x). Applying (i) and (ii) we obtain 
a(-1)p(q)* = o(@) = a(-1)a(a) 

and p(q)~! = p(q), showing the truth of (iii). Oo 


5.4. Notes to Chapter 5 


1. The p-adic and p-adic fields were introduced by Hensel in a remarkable 
sequence of papers (Hensel [97c], [02], [04], [05a], [09]), and culminating in 
two books (Hensel [08], [13]). He defined p-adic numbers as formal Laurent 
series in p with suitably defined arithmetic operations. The approach based 
on valuations is due to Kiirschak [13], and an axiomatical approach was made 
by Fraenkel [12]. 

With regard to Theorem 5.4 let us remark that if K is a field with a 
topology induced by a non-Archimedean valuation, then it will be locally 
compact if and only if it is complete, the valuation is discrete, and the residue 
class-field is finite. The theorem of Hasse and F.K.Schmidt [33] implies that 
every such field either is p-adic, or is a finite extension of the field of formal 
power series over a finite field. The original proof was incomplete, as pointed 
out by Mac Lane [39a] (cf. Chao [51]). Other proofs were given in Mac Lane 
[39b], Teichmiiller [36], [37], Witt [36]. Our Theorem 5.10 is a part of this 
result. 

Fields with a topology induced by a valuation were described by Shafare- 
vich [43] (cf. Diirbaum, Kowalsky [53], Fleischer [53], Kaplansky [47], Zelinsky 
[48]). Surveys of the theory of topological fields were given in Shell [90], 
Warner [89], and Wiestaw [85]. 
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2. Hensel’s lemma (Theorem 5.6) was proved in Hensel [04] for the field Q,, 
and in Hensel [05a] for Ky, in a form equivalent to that given by us, which 
appeared first in Hensel [18]. (It has been pointed out in Ore [27] that a form 
of Hensel’s lemma occurs already in a paper of Schénemann [46,sect.59].) For 
other forms of Hensel’s lemma see Hensel [08], [13], Rella [24b]. For certain 
interesting applications see Dalen [55], Liang, Mead [83], 

Fields with a non-Archimedean valuation in which the analogue of Hensel’s 
lemma holds are called relatively complete. They were studied by Ostrowski 
[35], who showed that a field is relatively complete if and only if it is closed 
under separable algebraic extensions in its completion. Examples of relatively 
complete fields which are not complete were given earlier in Ostrowski [13]. 
It was shown in Rim [57] that a field K is relatively complete if and only if 
its valuation has a unique extension to the algebraic closure of K. Cf. Inaba 
[52], Nagata [53], Neukirch [68], Rayner [57], [58], Schilling [43], Zassenhaus 
[54]. 


3. The corollaries 1-4 to Theorem 5.6 are due to Hensel For further applica- 
tions of Hensel’s lemma see Hensel [08], Thurston [43]. Corollary 3 implies 
that the field Q, contains subfields, which are normal extensions of the ra- 
tionals with Galois group equal to C3’ for m = 1,2,..., and Kleiman [71] 
proved that the same holds for normal extensions K/Q having symmetric 
Galois group S, with n < p. Cf. Frey, Geyer [72], Iwata [72]. Cassels [76] 
deduced from Hensel’s lemma that every finitely generated extension of the 
rationals is embeddable in infinitely many fields Q,. For finite extensions this 
can be deduced from Theorem 4.37. 


4. Proposition 5.8 (Krasner’s lemma) was proved in Krasner [46]. Conditions 
for an isomorphism of two extensions of Q, were given in Hensel [09] (cf. 
Krasner [37a,c]). Proposition 5.13 was proved in Hensel [18]. 

The definition of the discriminant 0(L/K), as well as Proposition 5.14 
and Theorem 5.15 are due to Fréhlich [60b]. 


5. For the construction of an algebraic closure Q,, of Q, see Bauer [24]. The 
p-adic valuation has a unique extension to Q, however Q, is not complete 
(Ostrowski [13], [17]). It has been proved by Kiirschak [13] and Rychlik [24] 
that the completion 2, of Q, is both algebraically closed and complete. There 
is an extensive theory of functions in 2,. See Gouvéa [93], Koblitz [77], Mahler 
[73], Washington [82], where also further references may be found. 

For a p-adic field K put G(K) = Gal(K/K). A study of this group was 
made by Iwasawa [55b], and a fully satisfactory description of its structure 
was in the case Q, C K with odd p given in Janssen [82], Janssen, Wingberg 
[82]. For the case p = 2, ¢4 € K see Diekert [84], Zelvenskii [72], [78], [82]. 
Note that G(K) does not determine K’,, as shown in Yamagata [76] (cf. Jarden, 
Ritter [79], [80], Jenkner [92], Ritter [78]). Automorphisms of G(K) were 
studied in Jarden, Ritter [79], [80]. 


252 5. SB-adic Fields 


Let G,(K) be the Galois group of the minimal extension of K closed under 
p-extensions. If K is regular, then, as shown in Shafarevich [47], Gp(K) is a 
free topological group with 1+ n free generators, where n = [K : Q,]. If K 
is irregular K, then G,(K) has n+ 2 topological generators and one relation 
(Kawada [54]; cf. Faddeev, Skopin [59], Miki [76]). Earlier results on this topic 
are described in the book of Koch [70]. 


6. Theorem 5.21 was proved in Hensel [14b]. See also Halter-Koch [72a], 
Hasse [49], Hasse, Hensel [23], Hensel [15], [16a,b], [17], [21c], [27], Rella [20], 
Wahlin [16], [32]. In the next chapter we shall describe all situations in which 
the factor group U(K)/U,,(K) is cyclic. For an interpretation of U;/U, in 
terms of algebraic groups see Kambayashi [75]. , 

The p-adical logarithm occurring in the proof of Proposition 5.22 was 
introduced in Hensel [15]. For another definition of it, leading easily to its 
main properties see Leopoldt [61] (cf. Disse [25], [26], Pollaczek [46]). 


7. Most of the results of Section 2 are due to Hensel [08], in particular the 
Theorems 5.26, 5.27 and 5.29. Tame extensions were discussed in Albert [40], 
where also a new proof of Corollary 3 to Theorem 5.34 is given. Another 
proof was given in Bauer [22]. Ramified cyclic extensions of degree p of fields 
containing Q, were treated in MacKenzie, Whaples [56], and for non-normal 
extensions of degree p this was done in S.Amano [71]. 

Corollary 2 to Theorem 5.27 appears in Hensel [09] (cf. Albert [40]). The 
number of extensions with prescribed properties of a given p-adic field was 
studied in a series of papers by Krasner [37b], [38], [62], [66]. In particular 
he obtained the following formula for the number Nx (n) of all extensions of 
degree n of a p-adic field, containing Q,: 


Nx(n) = (hk) (+ < s) 


where n = hp™ with p{h, o(h) is the sum of positive divisors of h, and 


eo eG)N _ ne(G-1)N 
S= (prtir? = p’)) aa 


? 


e(s) being defined by 


1 1 oe. 
y Jeter tes iff >1, 
i= {8 ” if 7 =0, 


and N = n[K : Q,]. He proved also that number of fully ramified extension 
of degree n of any p-adic field is divisible by p. 

For other results on the number of extensions of p-adic fields see Bayer, 
Rio [99], Feit [59], Fujisaki [90], [89], Krasner [79], Massy, Nguyen-Quang-Do 
[75], Naito[95], Payan [65], Serre [78], Travesa [90b], Yamagishi [95]. 
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A method of finding the defining polynomials of extensions of Q, of given 
degree gave Pauli, Roblot [01]. 

Ramification groups were defined by Hilbert [94a] for finite extensions of 
algebraic number fields. In the p-adic case they were apparently first used 
in Ore [28b]. For characterizations of the sequence of ramification groups see 
Maus [68], [73], Miki [77], Sueyoshi [84]. See Serre [62] and the literature 
quoted there for more information on ramification groups. 


8. Let L/K be a normal extension of p-adic fields with Galois group G, and 
let R, S be the corresponding rings of integers. It was observed by Noether 
[32] that L/K is tame if and only if S and R[G] are isomorphic as R[G]- 
modules (for an elementary proof see Kawamoto [86]). Hence the problem of 
the existence of a normal basis is solved completely for such extensions. 

Leopoldt [59] showed that if K/Q, is Abelian with Galois group G, then 
the ring R of integers of K is a free module over the associated order 


Ax = {0 € Z,|G]: o(R) c RB} 


(cf. Letttl [90a]). This may be not true for non-Abelian, even unramified, 
extensions of Q,, as shown by Bergé [78]. Leopoldt’s result has been extended 
in Lett] [98], who showed that under the same assumptions, R is free over 
Ay for every extension of @,, contained in K. 

For further results concerning the Galois structure of p-adic rings see 
Bertrandias [78], [79], Bertrandias, Bertrandias, Ferton [72], [73], Borevich, 
Vostokov [73], Burns [91], Chan, Lim [95], Elder [95], Elder, Madan [94], 
Ferton [72], [73], [74], [75], Martel [74], Y.Miyata [74], [79], [80], [95], Ullom 
[70], Vostokov [74], [76a,b]. 


9. IfQ, C K and L/K is normal with Galois group G, then one can consider 
U,(L) as an Z,[G]-module. In fact, if u€ U;(L) and A = D7 jeg agg € Z(G], 
then the action of A upon wu can be defined by 


uA = [[ ow, 


gEG 


which is well-defined, since G preserves the prime ideal, and so g(U\(L)) = 
U;(L) holds for g € G. If U;(L) is, as Z,[G|-module, the direct sum of a 
finite module and a free module, then the extension L/K is said to have 
a normal basis for units. Krasner [39] proved for regular fields L that if 
L/K is tame, then such a basis exists, and the converse implication was 
established by Gilbarg [42]. In the irregular case Krasner [39] and Borevich 
[65a] demonstrated that tame ramification is neither necessary nor sufficient, 
and the complete solution of the problem was obtained in Borevich, Skopin 
[65]. We quote it only in the case when L/K is tame and p # 2. In this case 
L/K has a normal basis for units if and only if the index [L : K(G,«)] (where 
s is the irregularity index of L) is not divisible by p. 
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The structure of U; (L) as a Z,[G|-module was treated for various classes of 
extensions in Arutyunyan [77], Borevich [64], [65a,b], [67], Borevich , Gerlovin 
[76], David [78], Gerlovin [69], Iwasawa [60], Krasner [36], Pieper [72], [73], 
Rosenbaum [66], [70], Wahlin [32], Wingberg [79]. 


10. The results of Section 3 are due to Tate [50]. For a simple proof of 
Theorem 5.37 see Washington [74]. More about Gaussian sums defined by 
(5.9) will be said in the next chapter. 

The class-field theory in p-adic fields establishes a one-to-one correspon- 
dence between Abelian extensions L/K of a given p-adic field K and sub- 
groups H C k* of finite index. This correspondence implies H = Nyx (L*) 
and Gal(L/K) ~ K*/H. See the books of G.Gras [03], Hazewinkel [69], 
Iwasawa [80], [86], Neukirch [86], [92], Serre [62]. See also Fesenko [96], and 
the exposition of Serre in Cassels, Frohlich [67]. For a quick introduction see 
Hazewinkel [75]. 

Every Abelian extension of Q, is contained in a cyclotomic extension (see 
Lubin [81], Rosen [81]). This is an analogue of the Kronecker-Weber theorem, 
which will be established in Chap. 6 (see Theorem 6.18). 


11. An integral domain R is called a BC-domain (domain with bounded 
cycles) if for every N > 1 there exists a number M(N, R) with the property 
that if 6: RN —+ RX is a map defined by N polynomials with coefficients 
from R in N variables, and there exist distinct points P,,...,P, € RN such 
that &(P;) = Pisi (i = 1,2, ae ,k a 1), and (Px) = Py, then k < M(N, R). 
Each such P; is said to be a periodic point of . It has been shown by Pezda 
[94b] that rings of integers of p-adic fields are BC-domains. The case N = 1 
was earlier considered in Pezda [94a]. Periodic points of power series over Ry 
were studied in Li [96]. 

Since every ring Rx can be embedded in a suitable ring Z, it follows 
that Rx is also a BC-domain. In case N = 1 this was earlier established in 
Narkiewicz [89]. In this case one can show that finite polynomial orbits have 
a bounded cardinality (Narkiewicz, Pezda [97]), and it is possible to classify 
them (Halter-Koch, Narkiewicz [99], [00] (cf. Marszatek, Narkiewicz [04]). In 
the p-adic case such bounds do not exist. 

See also Morton, Patel [94], Morton, Silverman [94], [95], Pezda [03]. 


EXERCISES 


1. Prove that the algebraic closure of Q, is not complete. 


2. Prove that the completion of the algebraic closure of Q, is algebraically 
closed. 


3. Prove that every automorphism of Q, is continuous. 


4, Prove that for every prime p and n > 3 one can find a polynomial irreducible 
over Z of degree n, which has a root in Qp, but does not split there in linear factors. 
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5. Let L/K be a finite extension of a p-adic field, and let R, S be the corre- 
sponding rings of integers. Prove that the set of all a € S satisfying S = R[a] is 
open. 


6. (a) Let K be a p-adic field containing Q,, and let p{ n. Determine the Galois 
group of the splitting field of X” — 1 over K. 


(b) Show that if n is a power of p and K = Q,(¢n), then the Galois group of 
K/Qj is isomorphic to the multiplicative group of residue classes mod n, prime to 
n. 


7. Prove that if L/K is unramified, then for n = 1,2,... the norm map Nz/x 
maps U,(L) onto Un(K). 


8. Prove that if [K : Q,] =n and D = Dx g,, then the groups Kt/D~+ and 
(Qp/Zp)” are topologically isomorphic. 


9. (Hensel [94a]) Prove that if K is a p-adic field and Dr;x = $8”, then 
m <e(L/K)+v(e(L/K)) —1, where v denotes the exponent in L. 


10. Let K/Q be a finite extension. Show that for infinitely many primes p there 
exists an embedding of K in Qp. 


11. Describe all cubic extensions of the fields Q2 and Q;. 


12. Let R be the ring of integers in a p-adic field K > Q,, put An = R/$, 
let m be a fixed generator of B, and e = e(K/Q,), f = f(K/Q). 


(a) Prove that for N = 1,2,...,e one has pAn =0 and Ay ~ CSN. 
(b) Show that if M > N, then mY A}, ~ Af,_y- 
(c) Let k > 1 and assume that (k — 1)e < N < ke. Prove that 


At ~ Coe-1 @C?,, 


Pp 


where a = (ke — N)f andb=(N—ke+e)f. 


6. Applications of the Theory of ~-adic Fields 


6.1. Arithmetical Applications 


1. In this chapter we shall apply results obtained in Chap. 5 to the study 
of algebraic number fields. The first section contains direct arithmetic appli- 
cations, and in the second we introduce the ring of adeles and the group of 
ideles, study their principal proprieties and perform some harmonic analy- 
sis, including the deduction of the functional equation for suitably defined 
zeta-functions. 

In this section K will be an algebraic number field, and L/K an exten- 
sion of degree n. By p we shall denote a non-zero prime ideal in Rx, and 
3B1,..., Bm will be the prime ideals of Rz,, lying above p. R will denote the 
ring of integers of Ky and S; will be the ring of integers of Ly,. If the prime 
ideal 58; will be fixed, then we shall denote it by $8, and write S instead of 
Si. 

The method of transferring results from the p-adic case to number fields 
is, broadly speaking, the following: we shall consider the p-adic fields Ky and 
Ly, (i = 1,2,...,m). By Theorem 5.11 the fields Ly, are finite extensions of 
K,, and by part (iv) of that theorem the corresponding ramification indices 
and prime ideal degrees are not affected by this localization. Now, having a 
problem concerning the extension L/K, we can try to solve the corresponding 
problem in Ly,/Ky, for all p, which may be easier, since we have additional 
topological means at our disposal, and the rings of integers in p-adic fields 
are principal ideal domains. Having done this, we can try to put the local 
solutions together in some way, and, if we are lucky, this may yield a solution 
to the original problem. 


Proposition 6.1. Let L = K(a) witha € Ry, and denote by F the minimal 
polynomial of a over Rx. If p is a prime ideal of Rx, and in the field Ky 
one has the factorization F = F,--- Fj, into irreducible polynomials, then 


e€ 
pRy = BE Ber, 


where 8; are distinct prime ideals of Ry and eifr/x (Pi) = deg F; holds for 
a2=1,2,...,m. 
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Moreover, for each i one has Ly, ~ Kpy(b;) with F(b;) = 0, and there is 
a topological isomorphism between the K,-spaces (; Ly, and L@x Ky. 


Proof : For each i = 1,2,...,n consider the field M;, generated over Ky by 
one of roots, say b;, of the polynomial F;. By Propositions 3.2 and 5.7 the 
field M; is complete under the unique extension of the valuation of K, to M;, 
and contains an isomorphic copy of L, namely K(b;). Moreover, M; coincides 
with the closure of K(b;), because that closure contains Ky as well as };. 
If v is the exponent in M;, induced by its valuation, then its restriction to 
K(b;) ~ LD corresponds to a prime ideal $8;, lying above p, and we obtain 
that M; is isomorphic with Ly, under a valuation-preserving isomorphism. 
This, together with Theorem 5.11 (i) proves all but the last assertion of our 
proposition. To prove the last one note that by the already proved part and 
Theorem 4.5 we have 


n 
dimx, A Ly, = [L: K] = dimx, L ®x Kp, 
i=1 


and it remains to apply Proposition 3.2. O 


Corollary. [fx € L, then 


Nzjx(#) =[[Nig,/x,(@)) Thx (#) = >>The, /K, (2). 


a1 i=1 


Proof : If x generates the extension L/K, then the asserted equalities follow 
immediately from the proposition. If, however, M = K(x) is a proper subfield 
of L, Q1,...,9, are the prime ideals of Ry lying above p, and for each 
i = 1,2,...,s we denote by P1;,...,Bx,; the prime ideals of Ry; lying over 
Qj, then 


Noy (2) = Nurpx(Noju(2)) = (Naja (e))"™) = [] Nata, (2), 


t=1 
but, on the other hand, we have 
Nig ,,/Ma, (z) = ots 
with nj: = ens (PByi) frm (Pjs) by Theorem 5.11 (i), and so, using Theorem 
4.5, we arrive at the equality 


ki 


II Nig, /Ma,; (x) = a 
j=l 


which gives 
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Ss ky s ky 
TLL] %5,,/«, (@) =] [] ta, Nee, ota, ()) 
i=1lj=1 i=1j=1 
ss [L:M] 
= Il (Nata, /Ky (z)) ue = Nz/x(2), 
i=l 


as required. A similar argument, in which products are replaced by sums and 
exponents by coefficients, applies to traces. Oo 


2. In this subsection we shall consider connections between the different of an 
extension of an algebraic number field and the corresponding local differents. 


Proposition 6.2. For every finite extension L/K of algebraic number fields 
one has 
DijK = I] (Dig /K, VRz), 
£p 


where the product is taken over all prime ideals 8 of Rr, and p denotes the 
prime ideal of Rx, lying below PB. 


Proof : The assertion results immediately from the following lemma: 


Lemma 6.3. If % lies above p, then 
DrjKx = B*5, 


where J is an ideal of Ry not divisible by B, and Big is the different of 
the extension Ly /Ky. 


Proof : Let 8" || Dr/K, and after identifying the prime ideal of Ly with P 
write Dr,,, i sp". By Theorem 4.16 there exists a € Rz such that if F is its 
minimal polynomial over Rx, then F’(a) € $"\P"t!. If F = F, --- F; is the 
factorization of F into monic factors irreducible over Ky, having coefficients 
in R, then for a certain i we have F;(a) = 0, and obviously Ly = K,(a). 
Differentiating, we get F’(a) = F/(a)G(a) with a certain polynomial G € 
R(X], whence, using the fact that F/(a) generates the different Ding /Ky > WE 
obtain r > k. Assume that r exceeds k. According to Theorem 4.22 there 
exists an essential derivation d: S —+ S/S**1, vanishing on R. Since its 
restriction to Ry is also a derivation d*: R, —>+ R,/%**1, vanishing on 
Rx, the same theorem implies that it is not essential, i.e., every element of 
its image d*(Rz) is a zero-divisor. This leads to a contradiction. Indeed, let 
A be the set of all elements a € S for which d(a) is a zero-divisor. Lemma 
4.23 shows that d is continuous, and since $/3B**" is finite, the set A must 
be closed. But it contains R,, and therefore must coincide with S, thus d is 
not essential, contradiction. im 
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The proposition follows by considering separately all prime ideals dividing 
Dz/x, and applying the lemma. im 


Corollary 1. A prime ideal % of Rr is unramified or tamely ramified in 
L/K if and only if the corresponding p-adic extension is unramified or tame. 


Proof : This follows from the proposition and Corollary 1 to Theorem 4.24. 
O 


Corollary 2. A prime ideal % of Ry is wildly ramified in L/K if and only 
if one has P°|Dz/K, where e = ep/K (PB). 


Proof : Apply the last proposition, Proposition 5.28 and Theorem 4.24. 0 


Corollary 3. If L/K is normal, then the trace map Ty;x : Ry —> Rx its 
surjective if and only if L/K is tame. 


Proof : If L/K is tame, then the surjectivity of the trace map is contained 
in Corollary 5 to Theorem 4.24. If the trace map is surjective, $B is a wildly 
ramified prime ideal of Rr, and p C Rx lies below P, then using Theorem 4.6 
we obtain that all prime ideals 2, = B,..., PB, lying above p are wildly rami- 
fied, and if e is their common ramification index, then the preceding corollary 
implies pR, = (P1---Px)°|Dz/K, contradicting Corollary 3 to Proposition 
4.13. Oo] 


Observe that in the case of a non-normal extension the trace map can 
be surjective even if the extension is not tame. In fact, let L/Q be a cubic 
extension in which 3 is unramified and 2R;, = $782. Then fj is the only 
wildly ramified prime ideal, because in view of Theorem 4.5 only prime divi- 
sors of 2R;, and 3R, may ramify wildly in a cubic extension . Assume now 
that Ty, /g(Ri) # Z. Then by Corollary 2 to Proposition 4.13 there is a prime 
p such that if 


g 
pRr BS ll 2 ’ 
i=1 


then for 7 = 1,2,...,g one has P5*|Dz/x%, and thus, by Theorem 4.24, all 
prime ideals $B; must be wildly ramified. But in our case there is no such 
prime p, since P2 is tame, whence Tyg is surjective. 

To show that this situation can really occur, consider L = Q(a), where a 
is a root of the polynomial X°+15X? +20X + 30, which is irreducible, being 
Eisensteinian with respect to the prime 5. Proposition 2.9 (iv) easily leads 
to |dz/9(a)| = 2? - 5* - 13 - 23, thus 3 is unramified and 2 is ramified, hence 
we have only to exclude the possibility of 2R;, = 98°. If this would happen, 
then Theorem 4.24 would imply $?|Dz,/q, whence 2? = N(9?)|d(L). In view 
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of 2? || dz /g(a) this shows that 2 does not divide the index of a, and thus 
Theorem 4.33 is applicable. Since 


X3415X? 4 20X +30= X34 X2 = X7(X+1) (mod 2), 


we obtain 2R; = $72, with PB, 4 Po, contrary to our assumption. 


Corollary 4. If [K;: K] =n; ((=1,2) and L= K,Ko, then 
d(L/K)\d(ky/K)"*d(K2/K)". 


Proof : Let 8 be a prime ideal in Ry and p, p1, p2 the prime ideals in Rx, Rx,, 
Rx,, lying below P. Assume that pf || Dx, /«, and consider the corresponding 
p-adic fields, putting k; = K;j,, fori = 1,2. Then 


Dg, /K, = Pt = 9k /K, (C)S"; 


holds with a suitable c € 8’, S’ being the ring of integers of k,. Since L = 
K, Ko, we have Ly = kyk2 and thus Ly = ke(c). If F and G are minimal 
polynomials of c over Ky and kg, respectively, then for a certain polynomial 
H with integral coefficients from kp we have F(X) = G(X)H(X), which 
gives F’(c) = G’(c)H(c), and we see that the different of Ly/k2 divides the 
ideal generated by F’(c), which equals Dy, /~, 5”, with S” being the ring of 
integers of Ly. Applying our proposition we obtain Dr/x,|Dx,/K Rx, hence 


Dy = DrjK,DK/K\|\DK,/KDK/K RL, 
and taking norms we arrive at 
d(L/K) =Nzy/%(Dr/K)|Nz/K(Dr/K Rt) N/K (Dr,/K Rt) 
= d(K,/K)!"ld(Ky/K)e*!, 
It suffices now to note that [LD : Ki] < ne and [L: Ke] < ny. oO 


Corollary 5. There can be only finitely many extensions K/Q of a fixed 
degree n, having a prescribed finite set of ramified primes. 


Proof : In view of Theorem 2.24 and the last assertion of Proposition 4.14 it 
suffices to show that the discriminant of K/Q can attain only a finite number 
of distinct values. Since the degrees of local extensions K,/Q, are divisors 


of n, this is a consequence of the proposition and Corollary 2 to Theorem 
5.27. Oo 


Finally we prove a bound for the maximal power of a prime ideal which 
can divide the different, generalizing the second part of Theorem 4.24 to 
wildly ramified prime ideals: 
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Proposition 6.4. If pRr = [[7_, Pf with distinct Pi, then the different 
Dy/K cannot be divisible by Pit where s; is the maximal power of Pi, 
dividing e; Rr. 


Proof : By Proposition 6.2 it suffices to prove the result for the extension 
L/Ky, where is one of the ,’s. If M is the maximal unramified extension 
of K,, contained in Ly, then e(Ly/M) = e;, and Ly/M is fully ramified. 
Using Theorem 5.27 we can write Ly = M(m), where a generates %, and 
is a root of an Eisensteinian polynomial F(X) = X% +---+ ae, € M[X] 
such that the different of Ly/M is generated by F’(m). Denoting by v the 
exponent corresponding to $ in Ly, we see that for r = 1,2,...,e; — 1 we 
have 
v(a,(e; — r)n%-"1) = —(r +1) (mod e,), 


because v(a,) and v(e; — r) are divisible by e;. Hence all summands in the 
sum 
F' (1) = egn®—} + ay (eq — 1)? + +e, 


give distinct values to the exponent v, and since the first summand gives 
v(en—1) = 5, +e; —1, 


the different cannot be divisible by a higher power of P than B*t*-!, Of 


3. If the extension L/K is normal, then it is possible to apply the theory of 
ramification groups, developed for p-adic fields in Chap. 5, and, in particular, 
to defined the ramification groups of such an extension. 


Theorem 6.5. If L/K is a normal extension of an algebraic number field, 
G is its Galois group, p is a prime ideal of Rx, and Y is a prime ideal of 
Ry lying above p, then the corresponding extension Ly/Ky of p-adic fields is 
normal, and there is a canonical embedding of &6 = Gal(Ly/K,) into G. The 
index of the image of & in G equals the number of prime ideals lying above 
pin L. 


Proof : Write Ly = K,(a), where a is a generator of the extension L/K. The 
conjugates of a over Ky form a subset of the set of conjugates of a over K, and 
so they all lie in L C Ls, whence the extension Ly / Ky, is normal. The same 
observation shows that the restriction of o € 6 to L is an element of G, and 
this gives a homomorphism ¢: © —> G, which is injective, because if ¢(c) 
is the identity map, then o(a) = a, and therefore o is the identity map on 
the whole field Ly. By Theorem 5.11 (i) the group 6 has ez /x(®) f/x (P) 
elements, hence an application of Theorem 4.6 proves the last assertion. O 


The image of 6 in G is called the decomposition group of the ideal 8. In 
the sequel we shall identify it with 6, and this convention implies that we can 
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regard the inertia group and ramification groups of the corresponding local 
extension as subgroups of G. These subgroups are called the inertia group, 
respectively the ramification groups of 58. They were originally defined by 
Hilbert [94a] without the use of p-adic fields. Our next proposition shows the 
equivalence of Hilbert’s definition with the one given above. 


Proposition 6.6. Let L/K be a normal extension of an algebraic number 
field K, let G be its Galois group, and let 8 be a prime ideal of Ry. If we 
define a sequence G_1(B), Go(B), Gi(PB),... of subgroups of G by 


G_i1(P) ={9 EG: g(P) = P}, 
Gi(B) ={g EG: g(x)-x2 EP"! fora e Rp} (§=0,1,...), 


then G_1(8) equals the decomposition group of %, Go(P) ts its inertia group 
and, fori > 1, G;(9B) is its i-th ramification group. 


Proof : Let p be the prime ideal of Rx lying below $B, and denote by S the ring 
of integers of Ly. Observe that every element g of the decomposition group 
fixes the ideal $8. Indeed, we can write g = gz, where g is an automorphism 
of Ly/K,, and this gives 

IPS) = 
and 


(PB) = G(P) = G(PSO RL) C PSNR, = $. 


But g() is a prime ideal, and therefore the equality g(%) = P follows, 
showing that the decomposition group of $B is a subgroup of G_1(8). Now 
note that these two groups are of the same order. In fact, the cosets of G 
with respect to G_1($8) consist of elements mapping 8 onto a fixed prime 
ideal conjugated to $8, and so the index [G : G_1(98)| equals the number of 
such ideals. It remains to apply the last part of Theorem 6.5 to obtain the 
equality of G_1(%8) and the decomposition group. 

Now let us look at the remaining groups from our sequence. It follows 
directly from the definitions that the inertia group of f is contained in Go(B) 
and the i-th ramification group is contained in G;(%). To prove that we have 
equalities here, note that by Corollary 2 to Proposition 5.7 every element 
of 6 = Gal(Ly/K,) is continuous. Let g € G;, and assume that g is the 
restriction to L of g € 6. If a € S, then a is the limit of a sequence {a,,} 
of elements of Rz, and since Yt! is open we get an € a+ P**! for n 
sufficiently large. By our assumption g(an) — an € ¥**!, hence for large n 
we get g(an) € a+ '*!. Since the coset a + $**1 is closed, it contains 
limp g(@n) = lim, 9(an) = g(a), thus g(a ) — a lies in $8**1, and this implies 
our assertion. O 


Lemma 6.7. If L/K is a normal extension of an algebraic number field K, 
M is a subfield of L containing K, and H = Gal(L/M) is the subgroup 
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of the Galois group of L/K corresponding to M, then fori = —1,0,1,... 
the subgroup G;, of H, corresponding to the prime ideal B C Ry, equals the 
intersection of H with the subgroup G(3B) of Gal(L/K). 


Proof : Immediate by the definition of the groups G;. oO 


The field corresponding by Galois theory to the decomposition group of 8 
will be denoted by K_,(8) and called the decomposition field or the splitting 
field of $8. Similarly, the fields corresponding to the inertia group and the 7- 
th ramification group will be denoted by Ko and K;, respectively, and called 
the inertia field and the i-th ramification field of $8. The next proposition 
describes the main properties of these fields: 


Proposition 6.8. Let L/K be a normal extension of algebraic number fields, 
fiz a prime ideal B of Ry, let p be the prime ideal of Rx lying below %, denote 
by %; (i = —1,0,1,...) the prime ideal of Rx, lying below %, and let p be the 
rational prime lying in p. Moreover, write e = ez, K(B) = eop™ with pt eo 
and f = fix (P). 

(i) In the decomposition field K_, we have pRx_, = B_13, with P14 
and fx_,/K(P-1) = 1. Moreover, K_, is the maximal subfield of L having 
these properties. 

(ii) In the inertia field Ko we have pRx, = PoIo, with Po f Jo and 
fo/K (Bo) = f. Moreover, Ko is the maximal subfield of L having these 
properties. 

(iii) In the first ramification field K, we have pRx, = Bio, with Bi {Ti 
and fx,/K(B1) = f. Moreover, Ky is the maximal subfield of L having these 
properties. 

(iv) The extension Ko/K_, is cyclic of degree f, K,/Ko is cyclic of degree 
eo, and L/K;, is a p-extension of degree p™. 


Proof : Clearly Ky, C (K-1)p_, C Ls, and since the Galois group of 
the extension Ly/Ly fixes K_,, it must fix, by continuity, also its closure 
(K_1)p_, = Kp. In turn we obtain, by Theorem 5.11 the equalities 


ex_,/K(B-1) = fr_yK(PB-1) = 1, 


and sopRx_, = $_13, with P_; { J. Moreover, if M isa field with kK C Mc 
L, and for the prime ideal Py of Ry, lying below PB we have eysx (Bu) = 
fusx(#u) = 1, then My,, = Ky and M is fixed by G_1, implying M Cc 
K_,. This establishes (i), and the remaining assertions are immediate by 
Theorems 5.11, 5.34 and the definition of the groups G;. Oo 


Corollary 1. If L/K is a normal extension of an algebraic number field K, 
$B is a prime ideal of Rr, andp C Rx lies below PB, then 


ex/K(B) = #Go(P), and fr/x(P)er/K(P) = #G_i(P). 
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Proof : Follows immediately from the proposition. im 


The next result is sometimes called the monodromy theorem for algebraic 
number fields: 


Corollary 2. Let L/K be a normal finite extension of an algebraic number 
field, and let G be its Galois group. The subgroup H of G generated by all 
inertia groups of prime ideals of Ry corresponds to the maximal subfield of 
L, unramified over K. In particular, if K = Q, then the inertia groups of all 
prime ideals of Rx generate G. 


Proof : Let M be the subfield of L, corresponding to H and let Mo be the 
maximal subfield of L, unramified over K. By Lemma 6.7 and the preceding 
corollary we have 


em/K(PBO Ru) = #Go(P)/#(Go(P) 1 A) = 1, 


as Go(%) N H = Go(). This shows that no prime ideal ramifies in M/K, 
and therefore M Cc Mo. Conversely, if M, is a subfield of ZL unramified over 
K, and Hy, is the corresponding subgroup of G, then for every prime ideal % 
of L we have Go(%) = Go(%)N Ai, thus Go(®) C Hi and H Cc AM, implying 
M1 Cc M. In particular we obtain Mp c M. 

If K = Q, then by Corollary 4 to Theorem 4.24 we have H = G. O 


Corollary 1 shows that in a normal extension the sequences G;(%8) deter- 
mine the decomposition of prime ideals. It follows from Lemma 6.7 that these 
sequences determine also the decomposition in all subfields of L containing 
K. 

We conclude this subsection with the determination of the maximal power 
of a prime ideal, dividing the different of a normal extension: 


Proposition 6.9. If L/K is a normal extension of an algebraic number field 
K, and is a prime ideal of Ry, then its maximal power dividing Dy/x 
equals B4 with 
t 
A= AP) = 55 (#Gi(P) - 1), 
i=0 

where t is the maximal index for which the group G,(3B) is non-trivial. Con- 
jugated prime ideals have the same value of A(). 


Proof : The first assertion results from Proposition 6.2 and Theorem 5.36, 
and the second is a consequence of the simple observation that conjugated 
prime ideals have conjugated corresponding groups G;. 
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Corollary 1. If L/K is normal of odd degree n, and T,, is the greatest com- 
mon divisor of all numbers (p—1)/2 for prime p|n, then d(L/K) is a 2T,,-th 
power of an ideal of Rr. 


Proof : Let p be a prime ideal of Rx ramified in L/K, and let pR, = 
(P1---P,)° . The proposition implies p? || d(L/K) = Ny;x(Dzp;x) with 
B=rfA, where f = f,/x(P1) and A = A(#1), because the prime ideals P; 
are all conjugated. The assertion will be established, if we would show that 
for, all prime ideals 8 of Ry we have 2T,,|A(%8). Since e divides n, every its 
prime divisor is congruent to unity mod 2T;,, hence e = 1(mod 2T,,), leading 
to 


#Go(%) = 1 (mod 2T,,) 


by Corollary 1 to Proposition 6.8. If G1 (9B) is trivial, then A(B) = #Go(P) — 
1, and we get 2T,,|A($). If Gi(8) is non-trivial, then the rational prime p 
lying below 5B divides e, hence pin. By Proposition 6.8 and Corollary 2 to 
Theorem 5.34 all ramification groups are p-groups, thus for 1 > 1 we get 
#G(%) = 1 (mod p — 1), but in view of p|n we have 2T,,|p — 1 and we 
conclude that also in this case 2T;,, divides A(). Oo 


Corollary 2. If L/K is a normal extension of a prime degree q, then d(L/K) 
is a (q — 1)st power of an ideal of Rx. 


Proof : This is a special case of Corollary 1. 0 


4. In this subsection we shall consider certain properties of characters mod I 
for ideals J. These properties will be later utilized in the theory of Gaussian 
sums. 

Let us start with definitions. Let K be an algebraic number field, and 
let I be a non-zero ideal of Rx. Denote by G(I) the multiplicative group of 
residue classes mod I which are relatively prime to J, and let y be a character 
of that group. It is customary to treat this character as a function defined 
for all integers of K by means of the formula 


ee panes I) ifamodIeG(J), 
0 


a 
x( otherwise. 


Observe that the function so defined has the multiplicative property, but 
it is not a group character in the usual sense. 

In the case when K is the field of rational numbers we shall write, for 
simplicity, G(NV) instead of G(NZ), assuming always that N is the positive 
generator of the ideal NZ. 

A character y of G(J) is called primitive, if there is no ideal J # I, 
dividing I with the property that from («Rx,JI) = 1 and x = 1(mod J) 
the equality y(x) = 1 follows. It is obvious that if I is a prime ideal, then 
every non-trivial character of G(J) is primitive, and the trivial character is 
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primitive only if I = Rx. Observe, moreover, that every character y of G(/) 
can be regarded as a primitive character of G(J), J being a suitable divisor of 
I. Indeed, let J be the greatest common divisor of all ideals Ip dividing I for 
which x is trivial on the residue class 1 mod Jp. Then one sees easily, as in the 
rational case, that y~ equals unity on the residue class 1 mod J. Therefore 
it induces a character x’ of G(J), and the ideal J is called the conductor 
of y. The character x’ is clearly a primitive character of G(J). It is called 
the primitive character induced by x. In the case K = Q it is customary to 
regard the unique positive generator of J as the conductor of y. Clearly no 
confusion can arise here. 

For every x of G(I) we have x2(—1) = 1, whence x(—1) = +1. Charac- 
ters x satisfying y(—1) = 1 are called even characters, and the remaining 
characters are called odd. 

Corollary 3 to Proposition 1.14 shows that if J = I, --- I, is a factorization 
of I into factors pairwise relatively prime, then we have also a factorization 
G(I) = G(,) x --- x G(/,) of corresponding groups. Thus every character x 
of G(I) can be written as a product of characters of G(I;), since if we put 
xi(x mod I;) = x(u), where u = «(mod J;) and u = 1 (mod I/J;), then 


x(x mod I) = Rac mod J;). (6.1) 


i=1 


Proposition 6.10. If x is a character of G(I), and I = []j_, I; is a factori- 
zation into pairwise co-prime factors, then y is primitive if and only if every 
factor x; in the factorization (6.1) is primitive. 


Proof : Let J; be the conductor of x; for i = 1,2,...,r and put J = 
TIj_, Ji. Then for r = 1(mod J), satisfying (rRK,I) = 1, we have x(x) = 
Thj_; xi(z) = 1. It follows that if a factor y; is not primitive, then I; 4 Jj, 
hence J # J, and x is not primitive. 

Conversely, if x is not primitive, say x(x) = 1 holds for z = 1(mod 9) 
with a certain J|J, J A J, then J = [];_, 3; with 3,|J; and therefore there 
exists i with J; A J;. But then for = 1 (mod J;) we have y;i(x) = 1, showing 
that x; is not primitive. O 


To determine the characters of G(I) one has to know the structure of this 
group. In particular, it is important to know in which cases G() is cyclic. 
If this happens, then every its generator is called a primitive root mod I. 
In the case of the field of rational numbers it is a classical result that the 
multiplicative group of residue classes mod M, prime to M, is cyclic if and 
only if either M is a power of an odd prime, or it is a double of such power, 
or finally M = 1,2,4. In the general case things become more complicated, 
so we shall consider only the case of prime ideal powers. The corresponding 
assertion in the general case can be obtained from this result by noting that 
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a product of cyclic groups is cyclic if and only if their orders are pairwise 
relatively prime. We leave the tedious but not difficult computation to the 
interested reader. 


Theorem 6.11. Let I = %™ be a power of a prime ideal. The group G(1) is 
cyclic if and only if one the following cases holds: 


(I=, 

(ii) I= P?, and fxjQ(B) = 1, 

(itt) I = BR, where N > 3,2 ¢ 8, and ex/Q(P) = fx/o(P) = 1, i.e. the 
corresponding local extension is trivial, 

(iv) I =P, 2€ P, fxo(B) =1, and ex /a(P) > 2. 


Proof : We begin with a simple lemma, translating the whole problem into 
the language of p-adic fields: 


Lemma 6.12. For any prime ideal % and N > 1 the group G(P) is iso- 
morphic with the factor group U(Kxy)/Un (Kx). 


Proof : Apply Proposition 5.17 (iii) and Corollary 1 to Theorem 5.2. 0 


Put U = U(Kg), Un = Un(Kg), choose r € 8 \ $87, and let p be the 
rational prime contained in $8 . The case (i) is trivial, as G(I) = (Rx /%)* is 
the multiplicative group of a finite field, hence is cyclic. 

If N > 2 and U/Un is cyclic, then U;/U2 is also cyclic, but Corollary to 
Proposition 5.17 and Theorem 5.11 (iv) show that U;/U2 can be cyclic only 
if fx/q(B) = 1. If the last condition is satisfied, then U;/Uz2 ~ Cp and since 
U/U, ~ Cy_1 we obtain G(P?) ~ U/U2 ~ Cpp_1), in view of (p,p— 1) = 1. 
This settles (ii). 

Since we know already that in the case fx /9(8) > 2 the group G(P) 
can be cyclic only for N = 1, we may assume that fx/ (8) = 1 holds. Since 
for a € Ks; we have 


(L+ ma)? =1+pra+---+pr?~laP—! + nPaP, 


we see that the map x +> 2? maps U, into U, with r = min{p,1+e}, whence 
the group U;/U, can be cyclic only if r = 2, because in the remaining cases 
all its elements have order p. Now observe that the case r = 2 arises if either 
p=2ore=1. 

Ife = 1, then Ky = Q,, thus the group G(B*) ~ G(p”) is cyclic for all 
odd primes p and N > 1, whereas it is non-cyclic if p= 2 and N > 3. This 
settles (iii). 

If p = 2 and e > 2, then in view of (1 +7)? =1+ 7? + 2m € U2 \ U3 we 
obtain that the group U,/U3 is generated by 1+ 7, thus is cyclic, and the 
group U;/U4 is non-cyclic because every its element is of order not exceeding 
4, due to 
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(1+ 1a)* = 1+ 40a 4+ 6170? + 43a + 2404 € Us, 


whereas #U;/U4 = 8. Since in this case we have U = Uy, (iv) follows. oO 


Lemma 6.12 shows that every character of G(8”) is in fact a character 
of the factor group U(Kx3)/Un (Kg), and one sees that the two definitions of 
the conductor of a character, which we have at this moment, are in perfect 
agreement. 

We conclude this subsection with the determination of ideals I for which 
the group G(JI) has a real primitive character, i.e., a primitive character 
assuming the values 1 and —1 exclusively. 


Proposition 6.13. The group G(I) has a primitive real character if and only 
of 
T= By + BOF + O88, 


where 8; are distinct prime ideals not containing 2, Q; are distinct prime 
ideals containing 2, and a; € {0,2,4,...,2e;,1 + 2e;}, with e; = ex9(Qi) 
(¢=1,2,...,8). 


Proof : Proposition 6.10 permits us to restrict our attention to powers of 
prime ideals, so let J = PB, and put G = G(P). 

Assume first that 2 ¢ % and let x be a real character of G. It will be 
convenient to treat y as a character of U/Uy, which is permitted by Lemma 
6.12. Since x is real, we get x(x?) = x?(x) = 1 for z € G, thus y is trivial on 
squares. We have also 


U/Un ~ U/U, x U,/Un, 


because the orders of U/U; and U;/Uwy are relatively prime. Since every 
element of U; is a square, the number 1/2 being integral in Ky, we see that 
x is trivial on U;/Un, thus its conductor equals either $% or 8°. This shows 
that if 2 ¢ $B, then only G(8) can have a primitive real character, and indeed 
it has one, because it is cyclic. 

Now let us assume that 2 € . If y is a real character of G, then again 
x is trivial on squares. By the Corollary to Lemma 5.19 the map z > 2? 
maps U;+,- onto U;42-, hence our character has to be trivial on Uji2., and 
finally we find that there are no real primitive characters for N > 2(1 +e). 
Hence assume 1 < N < 2e +1. Now observe that since the group U/U, is 
of odd order, the group G ~ U/Uy will have a primitive real character if 
and only if there is a real character of V; = Ui /Uy, which is non-trivial on 
V2 = Un_1/Un. Since the kernel of a non-trivial character is of index 2, and 
every subgroup of index 2 induces such a character, this will happen if and 
only if there is a subgroup of index 2 in Vi, which does not contain Va, i.e., Vo 
is not contained in the intersection A of all subgroups of index 2 of V,. Note 
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now that A consists of all squares of elements of V;. Indeed, Vi is a product 
of cyclic 2-groups 


t 
i=l 


with mz, = 2,3; > 1 (= 1,2,...,¢). If & = [ei,..-,2))-€ A ay € Cr); 
then x lies in every subgroup 


VO = [[ Cn. x Ch, 
tAl 


where Ci is the group generated by y5; where y; is a generator of C,,,. This 
implies that for every j the element x; is a square, and thus z must be a 
square. Conversely, every square evidently lies in A. 

Let now N < 2e —1 be odd. If m generates $B, 1 + emN~! is an arbi- 
trary element of Uy_1, and a satisfies a? = c(mod $B) (this congruence has 
solutions because #G(%) is odd in view of 2 € 98), then 


baa b= tehara (nod 8"); 


and in view of 
2an\N-)/2 =9 (mod spet(¥~-2)/2) 


and e+ (N —1)/2>N we obtain 
2 
iver T= (1 + an(N-1)/2) (mod #3’), 
i.e., Vo C A, showing that in this case there is no primitive character mod 


If 1 < N < 2e and N is even, then the image of 1 + 7%—! in Vg does not 
lie in A. In fact, otherwise we would have 


1+a%-l=(14+un™)? (mod $%), 
with a certain unit u and M > 0, thus if we define u; by 2 = u,7°, then 
14+mN-tel+uua™te + ua? (mod P). 


If M > e, then this gives 1+a%~-! = 1 (mod 8°), hence 2e < N—1, contrary 
to our assumption. If, however, M < e, then 


1taXta1tn™(u? + uum? ™) (mod PX), 


which leads to N — 1 = 2M, which is not possible, as N — 1 is odd. This 

establishes the existence of primitive real characters for N = 0,2,4,...,2e. 
There remains the case N = 1+ 2e. Assume that every element of V2 is 

a square. In particular, for every unit a the element a = 1+ a7° is a square 
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mod U4. of a principal unit 1+ bx. Writing 6 = ex” and 2 = e,7° with 
units €,€, and n > 0 we obtain 


O=1420b4 17b? =1+ een tet" + 2a? (mod P1t”*). 


Now we distinguish three cases: 

(i) e—1 <n. In this case ce,7!+°t” and e712"? both lie in $1*?°, and 
hence @ lies in U2-41, thus a cannot be a unit, contradiction. 

(ii) e—1>n. In this case we have eey7'*°*” € B?"*3, and therefore we 
obtain 2n + 2 = 2e andn+1=e>n-+1, again a contradiction. 

(iii) e — 1 = n. Here we get a = 1+ (ce; + €?)n° (mod $3't?°), hence 
a = ce; + €* (mod $B), and wee see that if & = €, mod , then the polyno- 
mial F(X) = X? + @X maps the multiplicative group k* of the field k of 
residue classes mod 8 onto itself, i.e., for every non-zero y € k the polyno- 
mial G(X) = F(X) + y is reducible in k. Writing G(X) = (X — x1)(X — 22) 
we obtain 71 + %2 = —&, 41%2 = y. Since the map F': k* —> k* is sur- 
jective, and k* is finite, hence F' is injective, but this is not true in view of 
F(x) = F(-21 — é). 

Hence there must be non-squares in V2, and our proof is complete. O 


5. Now we introduce Gaussian sums in algebraic number fields. They are 
intimately connected with the sums 79(x) considered in Chap. 5. In fact, in 
the most important case they will be equal, and in general our sums will be 
products of various sums 70(x). 

Let K be an algebraic number field, J C Rx a non-zero ideal, and let a 
be an element of the fractional ideal (IDx io If x is a character of G(J), 
then the Gaussian sum Ta(x), corresponding to the pair [y, a] is defined by 


T(x) = D> x(x) exp(2miTx/9(a2)). (6.2) 
x mod I 
Observe that this sum does not depend on the choice of the system 
x mod I of residues, because x = y(mod I) implies x(x) = x(y), and since 
Tx/g(at) = Tx o(ay) + Tx/o(a(z — y)) and a(x — y) € Dries Propo- 
sition 4.13 (iv) implies Tx/g(a(a — y)) € Z. and so exp(27iT x /g(ar)) = 
exp(27iT x /9(ay)). 
In the special case K = Q we write I = nZ, a = k/n with suitable natural 
n and a € Z, and obtain the usual rational Gaussian sum 


Ta(x) = ye x(x) exp(2rika/n). 
xmodn 
The case k = 1 is particularly important, and we shall denote the corre- 


sponding Gaussian sum simply by r(x). 


Proposition 6.14. Let K be an algebraic number field, let I and x be as 
above, and put D = Dxjg. 
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(i) If b is an integer of K, prime to I, anda € (ID)~", then Ta(x) = 
x(b)ta(x). In particular, if K = Q, I = nZ,a =k/n with (k,n) = 1 and 
natural n, then Ta(x) = x(k)r(x). 


(ii) Let I = I,---I, be a factorization of an ideal I into factors pairwise 
relatively prime, let x = x1°::xXr be the corresponding factorization of a 
character x of G(I), and put J; =1/I;. Ifa € (DI)~ and fori =1,2,...,r 
the elements a; belong to (DI;)~1, and satisfy a — a; € (J;D)~1, then 


Ta(x) = II Tas (Xi). 


(itt) One has 


Ta(X) = x(—1)Ta(x)- O 


Proof : (i) Under our assumptions we have 


TalX) = s x(x) exp(27iT x /Q(aba)), 
xEG(I) 


but if « runs over G(J), then bx does the same, and we obtain 


Tab(x) =x(6) DS. x(bx) exp(2miTx/q(abr)) = x(b)Ta(a). 
xEG(I) 


(ii) For every x € Rx, relatively prime to I, choose 2; € Rx with 
x; =xz(mod J;) 


and 

x;=1(modJ;) (j #4). 
Moreover let yi,..., yr be integers of K such that y; = 1 (mod J;), and y; € I; 
for j # i. Then 7) _, teyx = x(mod I), and thus 


Ta(x) = a ae > X1(@1) +++ Xr (Zr) exp(27iT K/Q(az)) 


2,€G(h) t,r€G(I,) 


= Il Xi (xi) exp(27iT Kg (axiyi)) 


i=1 2,€G(:) 


= Il S Xi(x;) exp(27iT Ke (aixiy:)), 


i=1 2,€G(Ii) 


since az;y; — a;z;y; € D~, and the last product equals 
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ir 
Il Tas (xs), 
i=1 


because of (i) and xi(yi) = 1. 
(iii) We have 


TAN) = S> x(a) exp(27iT Kg (ax) 
zEG(L) 


SS x(x) exp(27iT x /Q(—ax) 
«e€G(l) 


x(-1) So x2) exp(2miTxq(az) 
xze€G(L) 


= x(-1)Ta(x); 


as asserted. C] 


Corollary. Let n = n,---n, be a factorization of a natural number n into 
mutually prime factors, let x be a character of G(n), and let x = x1--- Xr be 
its factorization into characters of G(n;). Then 


T(x) = II xi(n/ni)T (x). 


Proof : For i = 1,2,...,r the congruence 
xzn/n; =1 (mod ni) 


is solvable, so let b; be one of its solutions. Then the numbers a; = 6;/n; 
satisfy the assumptions of part (ii) of the proposition, whence 


r(x) = [] 0x). 


Applying part (i) of the proposition we obtain 7a,;(x) = xi(bi)T(xi), but in 
view of bjn/n; = 1(mod n;) we have x; (bi) = xi(n/ni), and this leads us to 
the asserted formula. O 


The preceding proposition shows that the study of Gaussian sums cor- 
responding to characters of G(I) can be reduced to the case when I is a 
power of a prime ideal. We are mainly interested in Gaussian sums attached 
to primitive characters, and our next aim is to establish relations between 
them and the sums 79(x). 
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Proposition 6.15. Let B% be a non-zero prime ideal of Rx, let By = PB, Po, 
..., Bg be all prime ideals of Rx lying above pZ = BNZ, and let x be a prim- 
itive character of G/B") (N > 1). Fir € B\ P?, 7 EP; (j =2,3,...,9), 
and write TR = PI (P{ I) and Dejg = P" J (P { J). Moreover choose 
cé€ Rx withc =1(mod PY P2---P,) andce I™*N, and puta =cn—-™N. 
Then a € (BD), and if the character of U(Ks)/Un (Kg) induced by x 
is denoted by the same letter y, then the Gaussian sum 7Ta(x), and the sum 
To(x), as defined in (5.9), coincide. 
If K =Q, and 8 = pZ, then the same assertion holds fora = p~%. 


Proof : Put, for shortness, K; = Ky, (i = 1,2,...,g). Identifying the groups 
U(Kg)/Un (Kg) and G($B%), and noting that when z runs over a complete 
set of representatives of G("), then cx does the same, we get 


mo(x)= S. x(cx) exp(2riA(T,/9, (eam), 
xEG(PN) 


where A denotes the function introduced in Sect.5.1. 
The elements cr/n™+ are integral in each of the fields Ko, ..., K g, thus 


exp(277A(T,/0, (crn—™-¥))) = 1 


holds for 1 = 2,3,...g, and using Corollary 1 to Proposition 6.1 and the 
equality y(c) = 1, we arrive at 


S> x(cx) exp(2miA(Tjq(ean-"-¥))) 
rEG(PN) 


2 x(a) exp(2riA(Tx/9(a2))). 
reG(PN) 


ll 


To(x) 


ll 


Our choice of c guarantees that Tx/g(ax) is a rational number, whose 
denominator is a power of p, and therefore \(Tx/9(az)) = {Tx /q(az)}, where 
{-} denotes the fractional part, and this leads to 


m(x)= >> x(a) exp(27iTx/9(az)), 


2eG(PN) 
as asserted. 
In the case kK = Q it suffices to observe that the above argument applies 
with c= 1. O 


Corollary 1. Let y be a primitive character of G/B") (N > 1), and let a 
be chosen as in Proposition 6.15. Then |ta(x)| = N(B)%/?. If K = Q, and 
B = pZ, then |r(x)| = p”’?. 


Proof : This follows from Proposition 5.47 (iii) and the last proposition. O 
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Corollary 2. Let I = []j_, pi, and fori =1,2,...,r let a; be an element 
of K, satisfying the assumptions of Proposition 6.15. Assume further that 
a € K satisfies the assumptions of Proposition 6.14 (ii). Then for every 
primitive character x of G(I) we have 


lra(x)| = VN). 
If K =Q, and I = NZ, then |r(x)| = VN. 


Proof : Apply the preceding corollary and Proposition 5.47 (iii). Oo 


6. Now we shall have a closer look at Gaussian sums for primitive real cha- 
racters in the field of rational numbers. In this case Proposition 6.14 (i) 
shows that it suffices to deal with 7(y), and the Corollary 2 to Proposition 
6.15 and Proposition 6.14 (iii) imply that if x is real and primitive, then 
T(x)? = x(-1)M, where M is the conductor of x, i.e., T(x) differs by a 
fourth root of unity from //M. The determination of this root of unity forms 
the content of the following theorem: 


Theorem 6.16. If M is positive and x is a real primitive character of G(M), 


then 
+(x) = VM _— ifx is even. 
ivVM  ifx ts odd. 


Proof : The crucial point of the proof lies in the case M = p, an odd prime, 
and we start with the consideration of this case. The group G(p), being cyclic 
of order p — 1, has exactly one subgroup H of index 2, which consists of all 
squares. If y is a real primitive character of G(p), then its kernel must equal 
H, and so we see that y(x) is equal to the Legendre symbol. In particular we 
have x(—1) = (—1)? with q = (p—1)/2. 

The simple reasoning which now follows is due to Waterhouse [70]. 

Consider the linear space V of all complex-valued functions defined on 
G(p). Its dimension equals p — 1 and we have two obvious bases in it: one 
consisting of characteristic functions of element of G(p) i-e., fx(x) = 5% (k = 
1,2,...,p—1), and another, consisting of all characters {y1,...,Xp—1} of 
G(p). Define now a linear map B: V —> V, defined by 


B(g)(n) = 9_ 9(9) G3". 
j=l 


Proposition 6.14 (i) implies B(y) = 7(x)X for every character x of G(p). 
Since the equality y = ¥ holds only for the two real characters, we see that 
the matrix of B in the basis y1,....¥p—1 consists of blocks 


ear 
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corresponding to pairs ~, ~ of conjugate non-real characters, and of two 
diagonal entries equal to —1 (which corresponds to the trivial character) and 
T(x), x denoting the unique non-trivial real character. Therefore we have 


det B = —r(x) [] (-7(H)r()) , 


p 


the product taken over pairs (7, ) of conjugate non-real characters. Since 
Corollary 2 to Proposition 6.15 and Proposition 6.14 (iii) imply the equality 


—r(p)r(p) = —pw(-—1), we obtain 
det B = — (~p)"~/? r(x) T] d(- 
yp 
_ (—1)@-D/241(-1)/4) p(P—3)/2-(y), 


since there are exactly [(p — 1)/4] pairs of conjugated odd characters 7. 
Now we compute the determinant of B, utilizing the basis f,,..., fp—1, 
and obtain 
= k 
det B = det ( ag eee . 
Thus 
det B= Grrr UVvand (GG, seat); 


where by 
Vand(a1,...,@%) = II@ — ai) 


i<j 


we denote the Vandermonde determinant, corresponding to aj,..., dx, 


Therefore 
det B = Il (Ck), 
1<l<k<p-1 


and writing z = cos(7/p) + isin(z/p) we obtain 


det B = [["(@e"- gi *) = Te’ Il (2isin sin er). 


l<k l<k l<k 


Because of 
yr a ee 


1<l<k<p-1 


the first factor equals (—1)"-))/?, and second equals a positive quantity 
multiplied by i?-)(P-2)/2, and comparing this with the previous expression 
for B we obtain the assertion of the theorem in the case M = p, an odd 
prime. 

The cases M = 1 and M = 2 are trivial, and for M = 4 and 8 the 
assertion can be directly verified, as for the only non-trivial character of 
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G(4) the Gaussian sum equals 2i, and for the two non-trivial real characters 
of G(8) one easily obtains the raliies V8 and i/8 for their Gaussian sums. 

Proposition 6.13 shows that real primitive characters of G(M) exist only 
if M = 2p, ---p,, where a = 0,2 or 3 and p,...,p, are distinct odd primes, 
so assume that M has this form, and that y is a real primitive character of 
G(M). Write x = [Tj-o xj, where xo = 1 if a = 0 and Xo is a primitive real 
character of G(2°) otherwise, and for i = 1,2,...,r one has x;(x) = car 
For simplicity put po = 2%. Using the Corollary to Proposition 6.14 we can 
write 


T(x) = [] x«(™/pi)r0), 


and using the already proved part of our theorem and the fact that the 
character x; is odd for i > 1 if and only if p; = 3(mod 4), we get 


rod = VM TM), 


where s is the number of prime divisors of M congruent to 3 mod 4 and € is 
1 if xo is odd and vanishes otherwise. Using the quadratic reciprocity law we 
obtain now 


[] xi(M/p:) = x01 -+-pr) TT (PPPs Pe) 
i=0 


i=l Pi 


=asen I (2 i) 


4=1 ae 


= xo(P1--* Pr) I 2) U (5) (3) 


=xoln 2) T] he [I] oe venve 


1<i<k 
= (I yo(n1---7e) TT (2), 
jo P73 


and the equality 
r(x) = (1D V otra po) T] (2) 
ga NFA 


follows. 
Now we have to consider three cases, namely po = 1, po = 4 and po = 8. 
In the first case we have « = 0 and hence 
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_fVM _ if Q\s, 
rx) = {VIE if 2ts, 


but x(—1) = (—1)§, and we obtain the asserted formula. 
In the second case we have € = 1, (2) =1 fori >1 and xo(p1--- pr) = 


(—1)*, because the non-trivial character of G(4) equals xo(a) = (—1)@-/?. 
By putting together these equalities one easily confirms the truth of the 
theorem in this case. 

Finally we are left with pp = 8. Denote by t; the number of prime divisors 
of M congruent to imod M for i = 1,3,5,7, and observe that there are 
two primitive real characters mod 8, one assuming for x = 3,5,7 the values 
1,—1,-—1, and the other assuming the values —1, —1,1. For the first of them 
we have ¢ = 1, and for the second € = 0. 

With this notation we have 


1 (2) = [ns = ye, 


and (-ayiste 
1+ ife=1, 
Xo(PL Pr) = { (-1)*+ ife=0. 


Moreover, s = t3 + ty and 


(I) = xo(—1) T] (1) = x0(-1) T] (*) = x01) 


Now we can easily obtain the assertion of the theorem by checking the 
resulting cases: 


(a) s = 0,1(mod 4), « = 1. Here 
(x) = AVM (-atertistts = (1a Vi, 


and this implies our assertion. 
(b) s =0,1(mod 4), « = 0. Here 


r(x) =#VM, 


in accordance with our assertion. 
(c) s = 2,3(mod 4), « = 1. Here 


(x) = ist /M(—1)8ttr tts ttst1 = (-1)°+1/M, 


again with accordance with the theorem, which can be seen after a short 
computation. 


(d) s = 2,3(mod 4), € = 0 in which case 
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T(x) = 551 (M(—1)sttettette +2 = 754 /M, 


which equals VM for s = 2(mod 4), and equals iM for s =3(mod 4). O 


We conclude this subsection with a counterpart to the last theorem: 


Theorem 6.17. Let p be an odd prime, and let x be a primitive character 
of G(p). If the quotient x(p)/,/p is a root of unity, then x(x) = (G) 


Proof : Let x be a non-trivial character of G(p), and denote by yi(x) the 
real character (£). Assume that with a root of unity « we have T(x) = €,/p. 
Obviously the number 7(x) lies in the field K = Q(¢p, Gp-1) = Q(G-) with 
r = p(p—1). To get more information about this field observe that the values 
of x form a subgroup of the group of all roots of unity of order p—1, and so 
we may write, for a = 1,2,...,p—1, x(a) = G1, with m = m(a). 

By Theorem 6.16 we have T(x1) = 7,/p with 7 = 1 or i, depending on 
the residue of p mod 4. Hence we get 


(x) = en *r(x1), 


and since both Gaussian sums occurring here lie in K,, we infer that en—! € K. 
Now Theorem 4.27 implies the equality 


en* = (GuGy 


with a suitable k. For a = 1,2,...,p—1 let gq be that element of the Galois 
group of K/Q which maps ¢, to ¢§ and fixes ¢p_1. We have ga(x(«)) = x(x) 
and ga(T(x)) = 7a(x), and using Proposition 6.14 (i) we obtain 


(Cp—162)* = 91((Gp-16p)") = ga(en~*) = ga(t(x))/9(7(x1)) 
= Ta(x)/Ta(x1) = x(a)x1(a)7(x)/71 (x) 
= x(a)x1 (4) (Gp—16p)*, 


which implies ¢2* = y(a)xi(a)¢f, ie., 
= ¢(a-1)k ( 2 
x(a) = ¢ ah QCp) 
a = 1,...,p — 1, showing that all values of y lie in Q(¢,). But Q(¢,) N 


Q(¢p-1) = Q and we see that x is a real character, necessarily equal to the 
symbol of Legendre. O 
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7. We conclude this section with the proof of the Kronecker-Weber theorem: 


Theorem 6.18. If K/Q is a normal extension with an Abelian Galois group, 
then K is contained in a suitable cyclotomic field Q(¢m)- 


This result belongs properly to the class-field theory. We have decided 
to include it here, because one of its proofs, due Shafarevich [51], is a very 
illuminating example of the application of p-adic methods to the theory of 
algebraic numbers. 


Proof : Observe first that it suffices to prove the theorem for cyclic extensions 
of a prime-power degree. Indeed, if K/Q is Abelian, Gal(K/Q) = [[j_, C, 
is the factorization of its Galois group into cyclic factors of prime-power 
orders, and for 7 = 1,2,...,r we put G; = Iz; Cyr s then the field L; 
corresponding to G; by Galois theory is a cyclic extension of Q of degree p;? ; 
and the field K is the composite of Li, D2,..., Dr. 

Now fix a prime power qg™, let S = {pi,..., pr} be a finite set of primes, 
and denote by K = Kgm,g the composite of all cyclic extensions of the 
rationals, whose degrees divide g™ and in which only primes from S can 
ramify, i.e., whose discriminants are divisible only by primes lying in S. It 
follows from Corollary 5 to Proposition 6.2 that the extension K/Q is finite, 
and one sees easily that its Galois group is a subgroup of a suitable power of 
the group Cym. The theorem will be established if we show that every field 
Kym, is contained in a cyclotomic field. 

For every prime p # gq denote by Z = Zym.p the maximal subfield of 
Q(¢,) such that the order of every element of its Galois group is a divisor of 
q™. Moreover for p = q # 2 let Z = Zgm,q be the unique subfield of degree 
q™ of Q(¢y1+m), and finally put Zam,2 = Q(Cam+z2). If p € S, then obviously 
Zqm,p © Kgm,g, and our aim will now be the proof the following assertion: 


Proposition 6.19. If S = {pi,...,pr}, then the field Kym g coincides with 
the composite Zjm_ gs of the fields Zgmp,,---,Zqm,p,- 


Note that the theorem is an immediate consequence of this proposition, 
since the fields Zgm,», are by definition contained in cyclotomic fields, and so 
is their composite. 


Proof : Since in the extension Zym,,/Q only the prime p ramifies, the Corol- 
lary to Theorem 4.26 leads us to the equality 


Tr 


[Zom,s : Q| a Il [Zam,p, : Q\. 


i=1 


Since Zgmp, C Q(¢*?) we see that p;Z becomes in Zym_p, a power of a prime 
ideal of degree 1 by Theorem 4.40 and Proposition 4.3. This shows that the 
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degree of Zgmp,/Q equals the ramification index e; of this extension, and 
we obtain [Zjm_¢ : Q] = e1--- er, showing that in view of Zgm,s C Kqm,s it 
suffices to establish the inequality [Kgm,s : Q|] < e1---er. 

Assume for a moment that the following lemma is true: 


Lemma 6.20. If L = Lamp is the composite of all cyclic extensions of Qp 
whose degrees divides q™, then L coincides with the composite of Zgm yp and 
the unique unramified extension Wam, of degree q™ of the field Q,. 


We deduce now our proposition from this lemma, and then provide a 
proof of it. It is clear that for p € S we have Kgmg C Lgm» and so the 
lemma implies Kgmjg C Zgm pWamp. Since Wgmp/Qp, is unramified, and 
the ramification index over Q, of the closure of Zgmp in L equals e;, we 
obtain that the ramification index of p; in Kgm,s/Q cannot exceed e;, due to 
Theorem 5.11 (iv) and the multiplicativity of ramification indices. 

The monodromy theorem (Corollary 2 to Proposition 6.8) implies that 
the Galois group of Kg~,s is generated by its inertia subgroups, and, as it 
is Abelian, its order cannot exceed the product of orders of these subgroups, 
which does not exceed e,€2--:e,. We pointed out already that this implies 
Proposition 6.19. 


Thus everything has been reduced to the proof of Lemma 6.20, which we 
will now give: 


Proof of Lemma 6.20: Fix the primes p, q and the exponent m, and write, 
for shortness, L = Lgm ,p, W = Wom, and Z = Zgm yp. 

The inclusion WZ C L is obvious, and hence it suffices to establish the 
equality of degrees of WZ/Q, and L/Q,p. 

Consider first the case p # q. The Galois group G of L/Q, is a subgroup 
of some power of the group Cym, and therefore its cyclic subgroups are of the 
form Cy with a = 0,1,...,m. This shows that W is the maximal unramified 
subfield of L, since by Corollary 2 to Theorem 5.25 unramified extensions are 
cyclic, and the degree of W/Q, equals q”. Thus L/W is fully and tamely 
ramified of degree e(L/Q,), since p { q. Corollary 2 to Theorem 5.34 shows 
that the extension L/W is cyclic and its first ramification group G is trivial. 
However its Galois group is a subgroup of G and so we get 


e(L/Qp) = [L: W]|q”™. (6.3) 


Let R be the ring of integers of W, S the ring of integers of L, and let 
S = R[x] with w generating the prime ideal of S. Its existence is assured by 
Theorem 5.27. Moreover let o be a generator of the inertia group of L/Q,, 
which actually coincides with Gal(L/W), and let t € G induce the map 
x —+ z? in the residue class field. The existence of 7 is assured by Proposition 
5.33. Observe that 1? { o(m). Indeed, otherwise we would have o(m) = cn? 
with c € S, hence 


282 6. Applications of the Theory of S8-adic Fields 


al (c)a71(n)? = oer?) = 7, 


and, in view of z|o~!(7), we would get m|7, which is absurd. 
Therefore we may write 


o(m)=an (mod 7”) 
with a certain a € U(S), and similarly 
T(t) =br (mod 7”), 


with bE S. 
Since L/Q, is Abelian we have 


T(av) = T(o(r)) = o(t(n)) 


o(b)ax = bax =art(r) (mod 7”), 


aPr(m) 


hence 
a?-!t(x) =1(m) (mod 7”), 


and aP-! = 1(mod 7). 
Now note that for k = 1,2,... we have 


k 


o*(x) =a*nx (mod 7”), 


hence o?~! (7) = 7(mod 7”), showing that o?~! € G, = {idz}, thus 
e(L/Q)) = e(L/W) = [L: W]|p — 1, (6.4) 


and from (6.3) and (6.4) we get e(L/Q,)|(p — 1,q™). 

Since the polynomial (X” —1)/(X —1) is irreducible over Q,, the equality 
[ZQ, : Q,] = (p — 1,q™) follows, and in view of ZQ, 1 W = Q, (because 
ZQ is fully ramified, and W is unramified) we obtain 


[ZW : Q,] = f(L/Q,)(p — 1,9) = f(L/Qp)e(L/Qp) = [LZ : Q], 


and thus L = ZW, as asserted. 

Now consider the case p = q # 2. Here the Galois group of the extension 
ZW/Qp equals CB and we have to show that the Galois group G of L/Q, 
has at most two independent generators. To do this it is sufficient to prove 
that the Galois group of Ly,/Q,» has at most two generators. Indeed, assume 
that this is true and let r be the number of independent generators of G. Then 
there exist subfields L,,...,L, of L, distinct from Q,, which are independent 
in the following sense: for each i = 1,2,...,r the intersection of L; with the 
composite of the remaining fields L; equals Q,. But selecting in every field 
Lj, a subfield of degree p over Q, we obtain r independent subfields of Ly», 
and one sees easily that this implies r < 2. 

Hence we have to establish the inequality [L,,» : Q,] < p?. We first need 
a simple lemma: 
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Lemma 6.21. Let M = Q,(¢,), let o be a generator of Gal(M/Q,) and let 
a be an element of M which is not a p-th power in M. Moreover, define k by 
OG) = cee Then the extension M(a\/?)/Q, is Abelian if and only if there 
exists c € M with o(a) =a*c?. 

Proof : Put L = M(a/?). Assume first that L/Q, is Abelian, and lift o to 
an automorphism of this extension. If b = o(a), then b!/? € L, and so we can 
choose a generator g of the cyclic group Gal(L/M) such that g(a!/?) = G,al/? 
and g(b!/P) = ahi P holds with a certain r. This shows that the element 
a’/?>-1/P is invariant under g, hence lies in M, i.e., with a suitable c € M 
we have b!/P = ca"/?, and b = ac. Now define two automorphisms, g; and 
g2 of L/Q», assuming gi(a!/?) = G,a'/? and 91\y = idm, whereas g2|,, = 7 
and go(a!/?) = b'/? = ca’/?, Then 


chat! = gi(ca"/?) = gigo(a'/?) = gogi(a'/?) = go(Cpa'/?) = CRea"/?, 


which leads us to k = r and proves the "only if’ part of the lemma. Con- 
versely, if o(a) = a*c? with c € M, then M(a!/?) is normal and, repeating 
our argument in the reversed order we obtain the abelianity of the considered 
extension. 


Let now K/Q, be a cyclic extension of degree p, and put M = Q,(¢,). 
Fix a generator o of Gal(M/Q,), and define k by o(¢p) = Ck. Note that k is 
a primitive root mod p. 

The extension KM/M is cyclic, and we can write KM = M(a1/?) with 
a certain a € M. The extension KM/Q, is the composite of two Abelian 
extensions, hence is Abelian itself, and the preceding lemma shows that it is 
determined by an element of V = H/(M*)?, where H is the multiplicative 
group of non-zero elements a € M, for which o(a) = a*c? holds with c € M. 

One can regard V as a linear space over F,, and if L,,..., L,; are cyclic ex- 
tensions of Q,, independent in the sense defined above, then the correspond- 
ing elements of V are linearly independent. Indeed, otherwise, if we would 
write L;M = M(a}’?) (i=1,2,...,7), then the images 2 ,...,2; of the a,’s 
in V would, after renumbering, satisfy 7; = ys nx; with n2,...,n; € Fp, 
and this would imply a; = b? [[?_. a? , hence ML, C ML, --- L;. But the in- 
dependence of the L;,’s gives [Li ---L; : Q,] = p’, and [L2---L; : Q,| =p’, 
thus [ML ---L; : Q,| = p’(p—1) and [ML2---L; : Q,] = p)~!(p—1), show- 
ing that ML, cannot be contained in ML2--- L;. 

Put 7 = 1—¢,. One sees easily that a is a generator of the prime ideal 
8 of M. Observe now that every class of V has a representative in U,(M). 
Indeed, if v denotes the exponent of M, and a = ai7* € H, with a, € U(M), 
t = v(a) and o(a) = a¥c? (c € M) holds, then 


kt + pv(c) = v(o(a)) = v(a) =¢, 
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thus p|(k — 1)t. Since p does not divide k — 1, it has to divide t, whence a!/? 
and at! ” determine the same extension of M, and so lie in the same coset of 
H mod (M*)?, showing that every class of V has a representative in U(M). 
Since U(M) ~ U(M)/U;(M) x Ui(M), and the order of the first factor is 
not divisible by p, hence every its element is a p-th power, we find that in 
every class of (M*) there is a principal unit, as asserted. 

Now we show that U;(M)? = U;,,(M). Since e(M/Q,) = p— 1, Lemma 
5.19 implies Uj4,(M) C U2(M)? Cc U1 (M)?, and so it remains to show that 
every p-th power of a principal unit lies in U;,,(M). To obtain this, let 
u € U;(M) and write u = 1+ am + br’, with 0 < a < p—1 and b being an 
integer of M. Now 


! ; ; 
uP? = (1+ an + bn’)? = S> ane 


and one observes that the only terms of this expansion which are not divisible 
by m!*? are 1, pam and a?x?. Therefore 


u? =14+ pan+a?n” (mod $1"). 
But we may write p = ex?~!, where 


p-1 


e=][G4+GQ@4---4+¢71) 


l=1 


is a unit, and since by our choice of 7 we have ¢, = 1 (mod 9), we infer that 
€=(p—1)!=-1 (mod §), 


by Wilson’s theorem. This establishes x!*?|pam+a?x?, hence uP € Ui4)(M). 

Let H, be the group of residue classes a mod 71+? for which a € U;(M) 
and o(a)=a* (mod $!+?). The last result implies that #V < #H,. Now 
observe that A = 1+ 7? € Hj. Indeed, we have A* = 1 + kn? (mod $1*?), 
and, on the other hand, 


o(A) =1+(1-CR)P =140°(14+G4-°- + C81)? =1+kn? (mod $1”), 


thus A € H,. Moreover we have Cp € Hy and therefore it remains to show 
that A and ¢, generate H,, since then we would have #V < #H; < p?. 

First let a € H, 1 U2 (a #1), so that we have a = 1+ a,7* (mod $!+*) 
with a rational integer a, not divisible by p and 2 <i < p. Then 


o(a) =1+aqo(n')=1+a,k'x’ (mod $1**), 
but we have also 


a(a)=a*=1+aikn* (mod $+), 
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showing that k*-! = 1(mod 98). Hence we get i = p, because k is a primitive 
root mod p. This establishes the inclusion H; M U2 C Hi 1 Up. Moreover, 
for a € H, \ U2 write a = 1+ br (mod $8”)) with b € Z, and observe that 
ace € U2 Hj, hence every element a € Hy satisfies 


a=G(1+er?) (mod $+?) 


with some integral c. In view of A° = (1 + 7?)° = 1+ cx? (mod $1*?), we 
obtain a = Cb AS (mod $8!+?), and thus indeed Hj is generated by Cp and 
A. As already observed, this settles the case under consideration. 

In the last case we have p = q = 2. In this case the extension Q2Z/Q. 
has the group C2 x Com for its Galois group, and so the composite WZ has 
its Galois group over Q2 equal to Cy x Com x Com. To obtain the equality 
WZ = L we have to show that the Galois group of L/Q2 has three generators, 
at least one of which is of order 2. As in the preceding case, the first assertion 
reduces to m = 1, and so we have to prove that Gal(L22/Q2) has three 
generators. But we know already that Q) has seven quadratic extensions, 
generated by the square roots of —1, 2,5, —10, —5, —2, and 10, and one sees 
immediately that the first three fields form a maximal independent system. 
This proves that the Galois group of L22/Q2 has 3 generators. 

Finally, if Gal(L2m2/Q2) would have all generators of orders at least 
equal to 4, then Gal(L4,2) would be isomorphic to C?, and so every quadratic 
extension of Q2 would be contained in a cyclic quartic extension. But this 
fails for the field Q(./—1). Indeed, write i = /—I and assume that Q2(é) is 
contained in a field K = Qo(i, /a+ bi) whose Galois group over Q> equals 
C4. Since K is normal, it is generated over Q2(i) also by Va — bi, and so with 
suitable A,B € Qo we must have 


a — bi = (a+ bi)(A + Bi)’. 
Observe that by putting 
o(Va+ bi) = Va— bi = Vat bi(A + Bi), 
a(t) =4, 


we define an automorphism of K/Q, of order 4, hence generating the Galois 
group of K/Qs. Since o? is the only non-trivial element of the Galois group 


of K/Qoe(i) it takes a+ bi into —Va+ bi and we get 
—Va+t bi = 07(Va+t bi) = o(Va + bi(A — Bi)) 
= (A? + B*)Va + bi, 


thus A? + B? = —1. However this is impossible in Q2, and this contradiction 
achieves the proof of the lemma. O 


We pointed out already that the theorem is a consequence of the lemma 
just proved. O 
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6.2. Adeles and Ideles 


1. In this section K will be an algebraic number field, and 2 the set of all its 
non-equivalent non-trivial valuations, Archimedean and non-Archimedean. 
We shall assume that all valuations are normalized, i.e., for non-Archimedean 
v we have v(x) = N(p)~”?), if v corresponds to a prime ideal p of Rx with 
exponent vy, and if v is Archimedean, and corresponds to the embedding F 
of K into the complex field, then 


i= |F(x)| if F(K) is real, 
~ | |F(x)|? otherwise. 


It is convenient to arrange the embeddings F), F2,... of K in C (considering 
only one from each pair of conjugated complex embeddings) so that the first 
r1(K) of them are real, and the remaining are complex. Later we shall use 
this arrangement without further comment. 

For any v € 92 denote by K, the completion of K under v, and let 
Ry be the ring of integers of K, in the case of non-Archimedean v. In the 
Archimedean case we put R, = Ky. The restricted direct product! of the 
additive groups K; with respect to the subgroups Rf is called the adele group 
of K, and its elements are called adeles of K. Incidentally, this group has 
also a ring structure induced by multiplication in the factors. The resulting 
ring is called the adele ring of K, and will be denoted by Ax. Since the 
multiplication is obviously continuous, we conclude by Lemma 1 of Appendix 
I that Ax is a locally compact topological ring. For any finite subset S C 2 
denote by As the group |],<5 K} x [],¢s Ry. From the definition of the 
restricted product it follows that the topology induced in Ag by the topology 
in Ax coincides with the product topology, and every group Ag is open in 
Ax. Obviously the union of all groups Ag exhausts the full adele group. 

The invertible elements of Ax are called ideles. They form a group Ix, the 
idele group of K. However, it is not convenient to give that group the topology 
inherited from Ax, and we shall endow it with another restricted product 
topology. To do this observe that in the multiplicative group K* we can select 
for all non-Archimedean v’s the subgroup U(K,) of units, which is compact 
and open, and it can be immediately seen that if we define additionally 
U(Ky) = K% for Archimedean v’s, then the restricted product of the groups 
K} with respect to U(K,) equals Ix. Only this topology on the idele group 
will be used in the sequel. If for a finite set S' C 2 we put 


Is = |[ Kix J] U(&), 


ves ves 


then, as in the case of adeles, we obtain that the group Ig inherits the 
product topology from Ix, and is open in Ix. One choice of the set S is of 


' For the definition and properties of restricted direct products see Appendix I. 
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particular importance: S = So, the set of all Archimedean valuations of K. 
In this case we denote Ig by Ux and call its elements unit ideles. 

Observe that for every « € K we have x € R, for almost all (i.e., for all 
except finitely many) v, and for every non-zero z € K we have z € U(K,) 
for almost all v. This allows us to define a canonical embedding 7 of K in Ax 
and of K* in Ix by means of i(x) = (xy)y, where we put 2, = x for non- 
Archimedean v, and 2, = F;(x), if v is Archimedean and corresponds to the 
embedding F;. Put 7() = Ag C Ax, i(K*) = Ip C Ix, and call these images 
the ring of principal adeles and the group of principal ideles, respectively. In 
sequel we shall often identify an element a € K with its image i(a) in Ax, 
or I K: 

Note that a non-zero principal adele is an idele. 

For any idele x = (x,) define its volume V(x) by 


V(x) = Il v(2y). 


vEQ 


This infinite product is convergent, since for every x it contains only finitely 
many terms distinct from 1, and so this definition makes sense. Theorem 3.5 
implies that the volume of a principal idele equals 1, hence Jp lies in the 
kernel Jx of the map V of I, into the multiplicative group of positive reals. 
This simple fact implies the following observation: 


Proposition 6.22. (i) The ring Ao is a discrete subring of Ax. 
(iit) The group Ip is a discrete subgroup of Ir. 


Proof : (i) It suffices to find a neighbourhood of zero in Ax, not containing 
non-zero principal adeles. Let us take for that neighbourhood the set 


O = {{av): v(ay) <1 (v € Soo), v(au) <1 (uv ¢ Syo)}. 
If a non-zero principal adele (a) lies in O, then it is an idele with V(i(a)) < 1, 


which is possible only for a = 0. 


(ii) Let U be the neighbourhood of unity in Ix, consisting of all ideles 
(ay) which for Archimedean v satisfy v(ay < 1), and lie in the open subgroup 
Ux. Now observe that a principal idele lies in Ux if and only if it is a unit 
of K. Thus if an idele z(a) lies in U, then a is a unit of K anda—1€ Rx. 


However 
INx/o(@ — 1) = Il v(ay = 1) < dis 
VES oo 


which is possible only for a = 1. O 


The factor group A}. /A@ is called the adele class group, and similarly the 
group C(K) = Ix /Ip is called the idele class group. 
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Proposition 6.23. The adele class group is compact, whereas the idele class 
group 1s not compact. 


Proof : Let a = (ay) be an arbitrary adele. We shall prove the existence of a 
compact set BC Ae independent of a, and such that in the coset a mod Ag 
there is an adele from B. First choose a rational integer m so that for all v we 
have ma, € R,, and denote by P the set of all prime ideals of Rx dividing 
mZ. Put N = maxpep Yp(m), and let x € Rx be a solution of the system 


t=may, (modp’) (pe P) 
of congruences. For b, = a, — x/m we have, for every v ¢ So the inequality 
u(by) = v(may — 2)/v(m) < 1, 


and so the adele (b,), which lies in the same coset as a, has all its coordinates 
in R,. If So = {v1,...,Us}, then since the set 


{[Fi(t),...,Fs(t)]: t € Re} 


forms an s-dimensional lattice in the Euclidean s-space, we can select a suit- 
able tg) € Rx so that the point [b,, —Fi(to),...,bv, —Fs(to)] lies in a compact 
set, independent of a. This implies v;(by, — Fi(to)) < C (¢@=1,2,...,8) fora 
certain C' > 0, thus the adele (b, — i(to)) lies in a compact set independent 
of a, and is in the same class as a. This establishes the first assertion, and to 
prove the second it suffices to observe that the volume V(z) is an unbounded 
and continuous function on the idele class-group, and so this group cannot 
be compact. 


2. Let G(K) be the group of all fractional ideals of K in which we consider 
the discrete topology. There is a canonical homomorphism of Ix onto this 
group. To define it consider an arbitrary idele a = (a,) and put 


f(a) = Il pie), 
VES oo 


where v, is the exponent corresponding to the prime ideal p,. Obviously 
f: In —> G(X) is a continuous surjective homomorphism with kernel Ux, 
thus Ik /UK ~ G(K). 


Proposition 6.24. The group H(K) of ideal classes in K is isomorphic to 
the quotient group In /UxK Io. 


Proof : Consider the homomorphism g : G(K) —> H(K), mapping every 
ideal to the class to which it belongs. Then go f maps Ix onto H(K) and 
its kernel equals 


{x: f(x) is principal} = {x: f(x) € f(Io)} ={x: x2 € Ip- Kerf} = IoKUx. 
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Oo 
Corollary. Every open subgroup of C(K) is of finite index. 


Proof : Let G be an open subgroup of C(K), and let H be that subgroup of 
Ix which is mapped on G be the canonical map. Obviously H is open, and 
so contains a neighbourhood of unity of the form 


{(ty) : v(ty — 1) <€ for v € Soo, %y € U(K,) for v ¢ Soo}, 


and also the subgroup generated by it, which turns out to be Ux, since it has 
a non-void interior. So it suffices to show that the image of Ux has a finite 
index in C(K), but this follows from the proposition and the finiteness of the 
class-number. O 


Now we prove a result of importance in the class-field theory: 
Theorem 6.25. The group Jx/Ip is compact. 


Proof : We shall use the finiteness of the class-group H(K), as well as Dirich- 
let’s theorem on the structure of the unit group U(K). Let ,..., I, be ideals 
of Rx, representing all ideal classes of H(i). Now let a = (ay) € Jx be given, 
and let I = f(a) be the corresponding ideal, which can be written as J = cl; 
with c € K* and suitable 1 < 7 < h. Observe that there exist ideles 6,,..., Gn 
in Jx, satisfying f(G;) = I; for i = 1,2,...,h. Indeed, the equation f (8) = I; 
restricts only the non-Archimedean coordinates of @, and we can adjust the 
Archimedean coordinates to obtain V(@) = 1. Since f(a@; '/c) = 1, we see 
that the idele a; */c lies in Jk NUk. 

Now let Soo = {v1,...,Ur41} with r being the unit rank of K,, and define 
a homomorphism L: Ux JK —> R" by means of 


L((uy)) = [log v1 (uy, ),---, log ur (uy, )]- 


This map is surjective since, given [t,,...,¢-] € R”, there exist wi,..., Up 
with v;j(u;) = exp(t;) for 7 = 1,2,...,r, and then, assuming v,41(uy,,,) = 
exp(—(t; +---+t,)), and putting u, = 1 for v ¢ So, we get an idele 
u= (ty) € Je NUK with L(u) = [ti,...,¢,]. 

The proof of Theorem 3.13 shows that the images L(e;) of the fundamental 
units €,,...,¢€, of K are linearly independent, and thus span the full space 
IR”. Denote by P the set of all ideles in Jk NUK whose images in R” can be 
written in the form )>;_, 2,L(e) with 0 < a <1 (i =1,2,...,r). This set 
is obviously compact, and, moreover, for every idele u € Jk NM Ux there is a 
unit € of K such that eu lies in P. Applying this observation to u = a5 * /c 
we obtain a = ecZ;a, with a; € P, and thus every idele from Jz has an 
idele from ¥ = ne §,P in its class mod Ip. Since ¥ is a fixed compact set, 
the compactness of Jx /Ip follows. Ll 
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Corollary. If D(K) is the connected component of the unit element of C(K), 
then the factor group C(K)/D(K) is compact and totally disconnected. 


Proof : The second assertion is trivial, and to prove the first it suffices to 
show that every coset of C(K) mod D(K) contains an element of Jx.Jo. 
Take any idele € = (z,), and let ¢ be its volume. Since the group of ideles 
(ay) with a, = 1 for non-Archimedean v is connected, the class determined 
by the idele 7 = (yy), with V(n) = t and y, = 1 for v ¢ Sx lies in D(K). 
Hence the classes determined by € and £y~? are in the same coset, but is is 
clear that £7~1 determines a class in Jx/Ip. O 


3. The general theory of restricted direct products (see Appendix I) gives 
a way of constructing a standard Haar measure in the groups of adeles and 
ideles once the Haar measures in Kj and K* have been fixed. Recall that 
in the case of non-Archimedean v we have chosen that Haar measure p, on 
K+ which gives to the ring R, the measure N(D,)~1/?, where D,, denotes 
the different of K,/Q,, p being the characteristic of the residue class field of 
K,. On the multiplicative group we choose the measure p% defined by 


Ae 2) dps(y) 
b,(A) = N(P)-1 ie v(x) ’ 


P = P, being the prime ideal of R,. This measure gives to the group of units 
of R, the measure N(D,)~'/?. In the case of v € S.. we proceed as follows: 
if K, = R, then p, is the usual Lebesgue measure and 


way = f Se, 


If K, = C, then p, will be the double of the Lebesgue plane measure, and 
¢ dpy (x 
wi(a)= f 
A 


|t.|? 


Note that all measures 2, are self-dual, provided that in the Archimedean 
case we make the slightly artificial identification between K,* and its dual, 
shown in Appendix I. 

The resulting Haar measures in Ax and Ix will be denoted by m, and 
my, respectively. Note that the first of them is self-dual. Observe also that 
for every idele a we have the equality dma(ax) = V(a)dma(z), resulting 
from the corresponding result for the measures “Wy, which in turn is easily 
established through Corollary 2 to Lemma 5.43. 

Our next aim is to prove the strong approximation theorem, but first we 
need an auxiliary result: 


Proposition 6.26. There exists a positive constant C such that if a = (ay) 
is an idele with V(a) > C, then there exists a principal idele B = (by) such 
that for all v one has v(by) < v(ay). 
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Proof : We need a lemma from the theory of topological groups: 


Lemma 6.27. Let G be a locally compact Abelian group and H its countable 
discrete subgroup such that G/H is compact. If A is an open subset of G with 
a sufficiently large Haar measure, then there exist £1, € A, lying in the 
same coset with respect to H. 


Proof : Let U be a neighbourhood of the unit element of G’, which satisfies 
UH = {e} and has finite measure. By the compactness of G/H there exist 
X1,...,£5 € G such that if ¢: G —> G/H denotes the canonical map and 
V = Uj, zi, then G/H = ¢(V). Let B be the measure of V, and let A 
be an open subset of G, all elements of which lie in distinct cosets. Then the 
set A; = yp 1(y(A)) NV is open, because ¢ is open and continuous, and its 
measure does not exceed B. Every element of A; can be uniquely put in the 
form ah with a € A, h € H. Write X, = {a€ A: ah € Aj}. These sets are 
all open in view of X;, = A,h~1/MA, and we have A =U), Xn, Ai = U;, AX, 
both sums being disjoint. This gives the equality of measures of A and Aj, 
and so the measure of A does not exceed a fixed constant. O 


Now consider the set 
X = {(y) € Ax : v(&y) < v(av)/2 (u € Soo), (Zu) S v(av) (v E Soo) } 


which is open in Ax. Let us compute its measure. Let S be the set consisting 
of all Archimedean valuations of K, all non-Archimedean v’s with u(ay) > 1, 
and all non-Archimedean v’s such that K,/Q, is ramified. Then X C Ag and 
the definition of our measure gives 


ma(X)=[] fi due) 


ves 


where X, is the projection of X on K,. If v is real, then X, is of measure 
v(ay), and if v is complex, then the measure of X, equals 7vu(a,). For non- 
Archimedean v this measure equals v(a,)N(D,)~!/?. Thus finally we obtain 
by Propositions 4.14 and 6.2 the equality 


ma(X) = 2"V(a)|d(K)|7/?. 


In view of Propositions 6.22 (i) and 6.23 we may now apply Lemma 6.27 
and find that if the volume V(q) is large enough, then there exist two distinct 
adeles in X , whose difference is a principal adele, say 6 = (b,). But obviously 
this adele satisfies v(b,) < v(a,) for all v’s, and since 3 is non-zero, it is an 
idele. O 


The last proposition allows us to prove the strong approzimation theorem: 
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Theorem 6.28. If vo € 2, then for every finite set 2) C 2 not containing 
Uo, every system ay € Ky (v € 2), and every € > 0 there exists a principal 
adele 3 = (by) such that v(by — ay) < € forv € Q and v(by) <1 forv ¢ 2, 
VU x Vo- 


Proof : Proposition 6,23 gives the existence of a compact set A C At, such 
that every class of adeles has its representative in A. Obviously it must be 
contained in a set of the shape {(ry) : v(rv) < ny} with suitable n, > 0, 
almost all of which are equal to 1. Apply Proposition 6.26 to 7 = (yy) with 
0 < v(Ww) < €/m for v € 21,0 < v(Ww) <1/ny for v Z 21, vu F vo and vo(Ywo) 
sufficiently large. This gives the existence of a principal idele (d,) with 


e/my ifvEe Qy, 
ote We if v dM, # vo. 


Now put a, = 0 for v ¢ 2) and write 

(ayd,;") = (bv) + (cv); 
with (b,) € A and principal (c,). Then 

U(Qy — Cydy) = u(bydy) 


and it follows easily that the adele (c,d,) satisfies our assertion. O 


4. Now we present the proof of a theorem of Hecke concerning the discrimi- 
nant d(L/K). To do this we have to introduce, following Fréhlich [60b], a 
new kind of discriminant of a finite extension of an algebraic number field 
based on the discriminants O(Lg/Ky,) defined in Chap. 5 for the extension 
of p-adic fields. First we prove a simple lemma: 


Lemma 6.29. The factor-group Ix /U?. is algebraically isomorphic with the 
subgroup of the product [],, K*/U(Ky)?, consisting of all elements (xy) sat- 
isfying Ly € U(Ky)/U?(Ky) for almost all v’s. 


Proof : The embedding of the idele group Ix into the product of all groups 
EK} obviously induces such an isomorphism. O 


Now let K be an algebraic number field, let L/K be its finite extension, 
and denote by (i), 92(L) the sets of inequivalent normalized valuations of 
K and L, respectively. We shall define the discriminant 0(L/K), which will 
be an element of the factor group Ix /U?-. Let v be a normalized valuation 
of K, and let w1,...,Wm form the full system of non-equivalent normalized 
valuations of LZ, whose restrictions to K are equivalent to v. For simplicity 
we shall in this situation say later, rather not precisely, that the w;’s are 
extensions of v. Theorem 3.3 shows that if v ranges over 2(K), then we 
obtain in this way all valuations of 2(L). Put 
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O(L/K) = (0,(L/K)) € [| K%/U(K.)?, 


where the components 0,(L/K) are defined as follows: 

If Ky = C, then put 0,(L/K) = 1, and if K, = R and ¢t is the number 
of complex fields L,,, (i = 1,2,...,m), then put 0,(L/K) = (—1)*. For non- 
Archimedean v put 


8, (L/K) = [] tm /K ‘ 


Proposition 5.14 (ii) shows that for almost all v the component 0,(L/K) 
lies in U(K,)/U(K,)?, and so by Lemma 6.29 we can regard the discrimi- 
nant O(L/K) as an element of Ix /UZ, Its main properties are given in the 
following proposition: 


Proposition 6.30. (i) If 
g: Ix/Ug — Ik/Ux = G(K) 


is the homomorphism induced by the embedding of U?- C Ux, then g(0(L/K)) 
equals d(L/K), the usual discriminant of the extension L/K. 


(ii) The extension L/K is unramified if and only if 0(L/K) € Ux/U};. 
(ii) If K CL CM, then 


O(M/K) = (L/K)™7|N;, /~(8(M/L)), (6.5) 


where Nrjx : I,/Uz —+ I«/U}, is the map induced by the norm maps 
I], Niu/K, (where w ranges over all extensions of v to L) at all components 
v. 


Proof : The assertion (i) results from Proposition 5.14 (i) and the observation 
that the value of g does not depend on the Archimedean components, and 
(ii) follows immediately from (i) and the discriminant theorem (Corollary 3 
to Theorem 4.24). 

The assertion (iii) for non-Archimedean components is a consequence of 
Proposition 5.14 (iii), and to obtain the same for Archimedean components 
we have to examine them more careful. If K, is complex, then there is nothing 
to prove, since the v-components of both sides of (6.5) are equal 1. Assume 
thus that v is real and let w),...,w, be the real, and w,41,...,Wm the 
complex extensions of v to L. By Theorem 3.3 they are all determined by 
embeddings of L into the complex field, which map K onto a fixed subfield 
Ko of the reals, and are all equal on Ko. This shows that r+ 2(m—r) = 
[L : K]. Similarly, every real valuation w; has, say, a; real and b; complex 
extensions to M with a; + 2b; = [M : L], and every complex w; has [M : L] 
complex extensions to M and, of course, no real ones. This shows that v 
has 6 = 6} + ---+6,+(m-—r)[M : L] complex extensions to M, and so 
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the v-component on the left-hand side of (6.5) equals (—1)°. Now look at the 
right-hand side. The v-component of 0(L/K)4] equals (—1)¢"—-")IM*41, and 
for i = 1,2,...,r the w;-component of 0(M/L) equals (—1)’', whereas for 
the remaining w,’s it equals 1. This shows that the v-component of the norm 
is (—1)'1+'""+ (because the extension L,,,/K,y for real w; is trivial), and for 
complex w; it equals 1. Finally, we see that the v-components of both sides 
of (6.5) are equal. O 


Now we can prove Hecke’s theorem: 


Theorem 6.31. If L/K is a finite extension of an algebraic number field 
K, then the class of its discriminant d(L/K) in the class-group H(K) is a 
square. 


Proof : We prove first that O(L/K) lies in I?,Io/Ux. The easiest method 
of doing it requires some simple facts about algebras which we shall now 
indicate. Let M be a field, let N;/M be for i = 1,2,...,r finite separable 
extensions of M, contained in a fixed algebraic closure of M, and put 


B= Dn, 
i=1 


Choose for i = 1,2,...,r an M-basis A; of N;, and form from them an 
M-basis for A. One defines its discriminant d(A) as the product of the dis- 
criminants dy, /1(A;) (as defined in Chap. 2). Note that if we start with other 
M-bases B,...,B, of Ni,...,N, and put B = LU, Bi, then by Proposition 
2.9 (ii) the discriminants d(A) and d(B) will differ by a factor, which is a 
square in M. 

Now we apply this setup to our situation. Proposition 6.1 shows that for 
every non-Archimedean v € 2(K°) we have an isomorphism 


Lex Ky~ Ql, 


i=1 


where W1,...,Wm are all inequivalent extensions of v to L. In each field Ly, 
choose a K,-basis consisting of elements of L, which can be done since L 
spans L,,, over K,, and put them together to obtain a K,-basis a1,...,@n 
of L @x K,. Since the a,’s lie in L we obtain that their discriminant D is 
an element of K. Now let (D,) be an idele of K, representing 0(L/K). For 
non-Archimedean v we may write 


m 
Dy =[[P.,, 
i=l 


where D},, is a representative of O(L,,;/Ky). If we choose in each field L,,, a 
K,-basis with discriminant D’,, and put them together, we obtain a basis of 
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L ®x Ky, which has D, for its discriminant. This implies D,/D € (K*)?, at 
least for all non-Archimedean v. Since for complex v we have K* = (K*)?, it 
remains to show that for real v the quotient D,/D is positive, but we have 
D, = (—1)%, where s is the number of complex extensions of v to L, and the 
argument used in the proof of Proposition 2.15 shows that the sign of D also 
equals (—1)°. 

Thus we got the inclusion 0(L/K) € I?-Ip/U},, hence every representative 
of O(L/K) is mapped by the canonical map Ix —> Ix /IpUx ~ H(K) into a 
square, and Proposition 6.30 (i) shows now that d(L/K) lies in a class which 
is a square. O 


The discriminant 0(L/K) introduced in this subsection gives more infor- 
mation about the extension L/K than the usual discriminant d(L/K), which 
is an ideal. In fact O(L/K) seems to be the true generalization of the numer- 
ical discriminant d(K) for relative extensions. It has been shown by Frohlich 
[60b,d] that it is possible to describe the structure of Ry as an Rx-module 
in terms of O(L/K), and in particular one can obtain necessary and sufficient 
conditions for the existence of a relative integral basis. This approach works 
also for arbitrary Dedekind domains (Frdéhlich [61]). We shall present his re- 
sult in Chap. 7, after proving certain auxiliary results, necessitating the use 
of analytical tools (see Corollary 1 to Theorem 7.42). 


5. We conclude this section with the proof of the functional equation for the 
zeta-functions of Ix, which we shall define below after introducing certain 
results on characters and quasicharacters of the groups of adeles and ideles. 

We know already that At is self-dual because all groups K;* are such, but 
in the argument which follows an explicit form of this self-duality is needed: 


Proposition 6.32. Let 


exp (271 Ap (Tix, /Qp(to))) > 0 € Soo, 
Xv(ty) = ¢ exp(—27ity) if v is real, 
exp(—47iRe (t,)) if v is complex, 
where Ap is the function occurring in the canonical form of a character of 


Q,. Then X((tv)) = [], Xv(tv) is a character of Ak, and every character of 
Aj, is of the form Xq(t) = X(at), with a € Af. 


Proof : Clear. O 


Corollary. (i) The map a +> xq is an isomorphism between Af, and its 
dual. 


(ii) For any two adeles a, 3 one has x(aB(t)) = xa(Bt). 
(iti) One has X,(t) =1 for allt € Ao if and only if a € Ao. 
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Proof : The assertions (i) and (ii) are direct consequences of the proposition. 
To prove (iii) let H = {a € Ak: Xa(Ao) = 1}, and observe that for t €¢ K 
the expression 


—Txjg(t)+ > Ap(Tk,/o, (te) = —Txjol(t) + D> Av(Txel(t) 
VES Pp 


is arational integer. This shows that if a,t € Ao, then X,(t) = 1, i.e. Ao C A. 
Proposition 6.23 shows that the group At /Ao is compact, hence its dual 
group is discrete, and therefore H, as a subgroup of the latter, is also discrete, 
and it follows that the quotient group H/Apo is discrete. However, we have 


H/Ay C Ak /Ao ~ At/Ao, 


thus H/Ao is compact, and therefore finite. It remains to observe that H is 
a linear space over the infinite field Ap, and this implies Ap = H. O 


Let us recall that any continuous homomorphism of Ix into the mul- 
tiplicative group of the complex field is called a quasicharacter of I~ (see 
Appendix I). We shall be mostly interested in quasicharacters of Ix which 
are trivial on Io. The following proposition describes them: 


Proposition 6.33. (i) If q is a quasicharacter of Ix trivial on Jz, then 
q(x) = V(x)* with a suitable complex s, and conversely, for every complex 
s, V(x)* ts a quasicharacter of Ix trivial on JK. Such quasicharacter q is a 
character if and only if Re s = 0, in which case we have q(x) = V(x)" for 
some real t. 

(it) If q is a quasicharacter of Ix trivial on Ip, then q(x) = x(«)V(a)°, 
where s is a complex number, and y is a character of Ix trivial on Ip. Con- 
versely, every pair [x,s] determines a quasicharacter x(x)V(x)* of Ix trivial 
on Ip. Two pairs |x, s], [x1, $1] determine the same quasicharacter if and only 
if Re s = Re si, and we have yi(x) = x(x)V(x)" with t = Im (s — 81). In 
particular one can always select a real s. 


Proof : (i) If q is a quasicharacter of Ix trivial on Jz, then q depends only 
on V(x), and so we must have q(#) = f(V(x)), where f is a quasicharacter 
of the multiplicative group of positive reals, thus f(t) = t® with a suitable 
complex s, hence q(x) = V(x)’. The remaining parts of (i) become clear if 
one remembers that for Re s # 0 the function V(a)* is unbounded. 


(ii) Theorem 6.25 shows that Jx/Ip is compact, hence for every qua- 
sicharacter q of Ix trivial on Jp its restriction to Jz is in fact a character. 
Denote it by x, and since Jx is a closed subgroup of Ix, we can extend x to 
a character of Ix. If x1 and x2 are two such extensions, then xiv 1 is trivial 
on Jx, and so by (i) we must have x1(x)x (x) = V(x)* with a real t, thus 
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x2(2) = x1(x)V (a) (6.6). 


Moreover gx" is trivial on Jx and again by (i) we infer that q(x) = 
x1(x)V(z)*. Equality (6.6) shows that the character x; is determined up 
to the factor V(x). The remaining assertions are now evident. Oo 


The number Re s, which, by the last proposition, is uniquely determined 
by a quasicharacter q of Ix trivial on Ip, is called the exponent of q and will 
be denoted by exp gq. 

Let Qo be the group of all quasicharacters of Ix which are trivial on 
Ip, and let AnJx denote the annihilator of JK in Qo, i.e., the subgroup of 
Qo formed by all quasicharacters trivial on Jx. The next lemma permits to 
make a convenient choice of the set of representatives of the cosets of Qo 
modAnJx: 


Lemma 6.34. In every coset of Qo mod AnJx there is a unique character 
x of Ix such that for x = (xy) we have 


x(z) = [Le @), 


where Xv 1s a character of K*, which for almost all v is trivial on U(K,), 
and for v Archimedean has the form 


Llp) = (=)- UD, 


with real ty, Sryeg,, tv = 0, and 


z Z if v is complex, 
MoS) {0,1} if-v is real. 


Proof : The form of the character x results from the description of characters 
of Ix given in Theorem VIII of Appendix I. Moreover, Proposition 6.33 shows 
that every coset of Qo mod AnJx contains characters, and characters lying 
in the same coset differ by a factor of the form V(x)** with real t. For every 
xX € Qo consider T(x) = YY,eg,, tv. For the character y/(x) = x(x)V(x)* 
(with ¢ € R) we get T(x’) = T(x) + t(ri(K) +1r2(K)), hence there is exactly 
one value of t giving T(x’) = 0, and clearly x and x’ lie in the same coset 
mod AnJx. O 


Characters satisfying the conditions of this lemma are called normalized 
characters. 

Let {xa} be the set of all characters obtained according to the last lemma, 
and denote by Q, the coset mod AnJx determined by y,. Every quasicha- 
racter from this coset can be written in a unique way in the form 
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(2) = Xa(2)V(2)’, (6.7) 


with a suitable s € C. In this way the elements of the coset Q, can be 
described with the use of a complex parameter s, and the group Qo can be 
treated as a family of #(Qo/AnJx) copies of the complex plane. 

There is another way of describing the normalized characters xq which we 
shall now present. Let Jj, be the subgroup of Jx consisting of all ideles (a,) 
with a, = 1 for non-Archimedean v’s, and whose Archimedean components 
are of the form a, = t/’, where s = 71(K) + ro(K), t is positive and 
independent of v and 


fil if v is real, 
“o = 1/2 if v is complex. 


One sees that the group Jj, is topologically isomorphic with the multiplicative 
group of positive reals with the usual topology, the isomorphism being given 
by 

a i Re i comes ee 


Moreover we have the topological isomorphism In ~ JK x Ji, and so it is 
possible to choose in Jx a Haar measure (xz) having the property that the 
Haar measure my; on Ix equals the product of uz and the standard Haar 


measure dt 
uA) = F? 
A 


on the multiplicative group of positive reals transferred to Jji,, dt being the 
differential of the usual Lebesgue measure on RT. 


Proposition 6.35. A character x of IK is normalized if and only if it is 
trivial on Jig. 


Proof : If x =|], Xv is normalized, then for Archimedean v we have 
go 
— uv ity 
Xv(y) = (=) v(zv)"”, 


with }>t, = 0. Ifa = (xy) = (t1/*,...) € Ji: (resp. 2 = (/**,...), ifr) = 0), 
then y(x) = t*4 with A = )>t,/s = 0, and thus x trivializes on Jz. 
Conversely, if x is trivial on J, then for every t > 0 we must have 


log t 
ete = 2a Ni, 


with a certain N; € Z, which shows that the ratio N;/logt does not depend 
on t, which can happen only if N; = 0, and thus the sum S¢t, vanishes. O 
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Now let f be a complex-valued function defined on Ix about which we 
assume that for all quasicharacters gq € Qo with expq > 1 the Mellin trans- 
form 


i@ = i f(a)q(«)dmy(«) 


is well-defined. If we now fix a coset Qa, and consider only the quasicharacters 
which lie in it, then we can, by (6.7), consider f as a function of the complex 
variable s, defined in the open half-plane Re s > / = 1. To stress this fact we 
shall write f(q) = Z(f,8,Xa), or, if the coset Qu is fixed, f(q) = Z(f, s), and 
call f the zeta-function associated with f. The zeta-functions so defined are 
meromorphic and satisfy a functional equation, provided f satisfies certain 
regularity assumptions. This result forms the main part of the next theorem: 


Theorem 6.36. Let f be a complex-valued function defined on Ax, and 
satisfying the following conditions: 
(a) Both f and its Fourier transform 3 are continuous and integrable, 
(6) The two series 


S> f(a(x+t)) and > f(a(e+?)) 


t€ Ao te Ao 


are uniformly convergent for (a,x) lying in an arbitrary, but fixed, compact 
subset of the product Ix x Ax, 

(c) If 9,90 are the restrictions of f, respectively f to In, then for every 
t > 1 the functions g(xz)V(x)* and go(x)V(zx)’ are integrable in Ix. 

Then the following holds: 

(i) For every fixed coset Qa of Qo mod AnJx the integral 


Z(g, 8) = | a(t) q(ae)dm,y (2) 


with q as in (6.7), represents a regular function of s in the open half-plane 
Re s > 1. This function can be continued to a meromorphic function. 

(tt) If Qa = AnJx is the zero coset, i.e., Xa(z) = 1, then Z(g, 8,1) can 
have at most two single poles at s = 0 and s = 1, and its residues there are 
equal to —hkf(0) and hk f(0), respectively, with h = h(K) being the class- 
number of K, and 

_ 271(277)"? R(K) 


w(K) Ja] 


where r1,r2 have their usual meaning, R(K) is the regulator of K, d(K) is 
its discriminant and w(K) is the number of roots of unity lying in K. 


(6.8) 


(itt) If Qa is not the zero coset, then Z(g, 8, Xa) has a continuation to an 
entire function. 
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(iv) (The functional equation) If y,-1 lies in the coset inverse to Qa, then 
for alls € C we have 


Z(9, 8; Xa) = Z(go,1 — 8,Xa-1). (6.9) 


(v) For all cy < cg and e€ > 0 the function Z(g,8,xXa) 1s bounded in 
{s: c, < Res <cp,|s| >€,|s —1| > e}. For non-principal xq this applies to 
every strip cy < Res <co. 


Proof : (i) Assumption (c) implies the existence of the integral defining Z(g, s) 
for every s in the half-line Re s > 1 because of |g(x)q(x)| = |g(x)|V(x)**? 2. 
Denote by A; and Ap the sets of adeles with V(x) > 1 and V(z) < 1, 
respectively, and for 7 = 1,2 put 


B= _a(a)aa)drns (2). 


Since Jx = A,MAg is of measure zero, we have Z(g, s) = B,+ Bo. Observe 
that for o = Re s > 1 the integrals B, and By are both regular functions of 
s. Indeed, under this assumption we have for i = 1,2 the equality 


(/, g(t) Xa(x)V (x)>+%dmy (x) _ i, 9(2)xXa(w)V (a)*dmr(2)) 


1 
2 I 59(ee)xa(#)V (0)°(V(0)® — 1)dmr(c), 
and since for sufficiently small 6 > 0 the integrand is 


O (|9(x)|V (#)?|log V(z))) , 


we find, using (c), that B; is differentiable for o > 1. The same argument 
establishes the differentiability of B, in the remaining part of the plane, thus 
By is entire, and to establish (i) it remains to show that Bz can be continued 
to a meromorphic function. 

Applying Proposition 6.35 we can write 


p= [E([ ateittsrausta) 


- ic ( [. a(ti)xla)t°ahs(9)) = “en | _ MI Xa() dpa Gat 


To evaluate the inner integral in the last term of the above equality a pre- 
liminary construction is necessary. 

In Theorem 6.25 we obtained the existence of a compact set B C Jx 
containing representatives from every class of J(K)/Ip. This set has the form 


h 
B=\|Jup, 
i=1 
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where b;,..., 0, are ideles with V(b;) = 1, whose images in Ix /UxIp ~ H(K) 
represent all ideal classes, and P was the set of all ideles from Jx NUK whose 
images in R” through the map 


L: (uy) nd flog v(t» )lueSocveu'» 


(where v’ is a fixed valuation in S,.) are of the form 
Tr 
SY ajL(e;), (0< a; <1), (6.10) 
j=l 


where the €;’s are fundamental units of K. 
Note that if P’ is the set of all ideles from Jx (Ux whose images under 
L have the form (6.10), then the set 


h 
= Jar’ 
i=l 


represents all classes of J()/Ip. This set is no longer compact, and, more- 
over, it may contain several members of the same class of C(K). Let us find 
under what circumstances this happens. Assume thus that a1, a2 € b;P’ rep- 
resent the same class of C(K). (Note that elements from distinct summands 
b;P’ and b;P’ cannot lie in the same class of C(), since they induce ideals 
lying in different classes of H(K).) Write a; = b;p1, a2 = bjp2 with pi, po € P’ 
and principal pip; 1 But 


L(pip3* ee x; L(¢;), 


where —1 < x; < 1, and since pip, ! is principal and induces the unit ideal, 
it must be a unit. Therefore the x,’s are rational integers, and we see that 
they must vanish, i.e. L(pyp;') = 0. Hence for every valuation v with one 
exception we have u(pipz + = 1, and the product formula shows that the 
same must be true also for the excepted valuation. Hence by Theorems 3.3 
and 2.5 (i) we see that pip; must be a root of unity, and so finally we get 
a, = Cag, with w = w(K) and a suitable m. Conversely, if two ideles from 
P' differ by a factor which is a root of unity, then they lie in the same class 
of C(K). 

In the definition of the mapping L one of the Archimedean valuations was 
not used. It is convenient to have it complex if there exist complex valuations 
of K at all, and we shall make this choice whenever possible. Let v’ be that 
valuation. Let us now define 


2 
P= {(rv) EP’: 0< arg Ly < “} 


which definition in the case of real v’ reduces to 
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P= {iy € Pls aye > 0}. 


The foregoing argument shows that the set 
h 
E=(JoP, 
t=1 


contains exactly one element from every class of Jx/Ip C C(K). Now we 
compute the measure of E. 


Lemma 6.37. The measure 3(E) of the set E equals hx, where k is defined 
by (6.8). 


Proof : From the definition of E we readily obtain 
h 
ws(E) = S> ws (bP) = hus (Pi); 
i=1 


and in addition w3(P,) = 7(P’)/w, hence we have to find the measure of 
P’. An idele x = (zy) lies in P’ if and only if it is satisfies the following 
conditions: 


v(zv) =1 for v€So, V(z) =1, 


and 
0< >; Ap g lop tye Lg Sy oe) 


vESoo 
vxv! 


where v’ is a fixed valuation and [A,,;] is the matrix inverse to the matrix 
whose j-th column equals L(e;). Let now A be the Cartesian product of 
P' and the interval [1,e], considering the latter as a subset of J,. Thus 
A C Ix, and any pair (a,t) with a € P’, 1 <t < e can be identified with 
the product at’, t’ being the idele [¢1/*,...]. Since the interval [1,e] is of 
unit measure in Ji, we get u;(P’) = m;(A). To find m;(A) observe that if 
S Cc 2 contains all Archimedean valuations, and also all non-Archimedean 
valuations corresponding to prime ideals ramified in K/Q, then A Cc Is and 
Ye) 


bs (P’) = f aus(e), 


the measure dug(x) being defined in subsect. 7 of Appendix I. 
The idele u = (uy) lies in A if and only if v(u,) = 1 holds for v ¢ Su, 
1<V(u) < e and if we put 


ip Viuje/® if vu € Soo, 
1 otherwise, 


then for 7 = 1,2,...,r one has 
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0< > Ayjlogu(uy/t.) <1 ( =1,2,...,7). (6.11) 
vE Soo 
veu! 


Moreover, by the definition of the measure ws we see that j.z(P’) equals 
the product of two integrals: one taken over [],,< S\Seo U(K,), and the other 
taken over the projection A, of A into [],< s.. Sv» the integrand being in 
both cases equal to 1. The first of these integrals equals the product of 
N(Dx, /Q)7*/ ? taken over all v’s at which K/Q is ramified, hence it equals 
|\d(K)|~1/2, and so we are left with the second integral, which we shall call 
I. Put s=7r1 +19. If vy,...,vup, and v,,41,...,Us are the real, respectively 
the complex valuations of K, then the integral I is equal to the integral in 
R™ x C”™ of the function 


P(u1, eu) Us) a [[ vi)" 
i=1 


taken over the set of all s-tuples 
(ui,..-,Us) € R™ x C™ 


satisfying [];_, vi(ui) = t, as well as 


O< So Ay,,jlogvi(ui/te,) <1 (§ =1,2,...,7) 
1l<i<r 
vgxu! 


with a certain ¢ in the interval {1,e]. If now X C R™ x C” is the set of all 
r-tuples (u1,...,u,) satisfying []j_, vi(ui;) = t and 1 < v;(uj/ty,) < e for 
certain 1 <t<e and v; # v’, then one sees that 


I= R(K) f P(uz,...,Up)duy +++ dup. 
x 


To deal with the last integral we make the following change of variables: 


7 / 
u, =u; for vu f#v 


U =U Il ee 


1<i<r 
vie! 


=f lf Se |% 
1 i<i<r ¥ Boyt vi (uj) U 


viFvo 


which leads to 


where 
Bya = {2 € Ky: BU <o(0) <etl*}, 


and one arrives at J = 2": (27)"?. Finally we obtain 
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_ hh R(K)2" (20) 


}(E) = = hk, 
He) ay 


as asserted. O 
Now we return to the integral Bj, which, as we have seen, equals 


/ o-} | a(t) xa(s)djes(A)dt, (6.12) 
0 Jk 


and using the fact that every element of JK can be in exactly one way written 
as bj with b € Ip and j € E, we can put the inner integral in the form 


[SX steed xalddus@) =f x0ld) Y obesau(d) 


E hehy E bEIo 
7 if Xa(3) es f(bt9) - 10) dyis(j). 
E be Ao 


To evaluate the last integral we need a lemma: 


Lemma 6.38. If the function f satisfies the assumptions of the theorem, 
then for every idele x we have 


1 * 
Y> flex) = W@ S> f(b/2). 


bE Ao be Ao 


Proof : We want to apply Poisson’s formula (see Appendix I) for the adele 
group and its subgroup of principal adeles, and to do that we have to check 
the assumptions. We need a fundamental set D of unit measure. From the 
proof of Proposition 6.23 we infer that if w1,...,w, is an integral basis of 
K/Q and w}{,...,w}, are the projections of the principal adeles generated 
by the w,’s into the product [],<9, K7, then for D we can take the set of 
all adeles a = (ay) such that for non-Archimedean v’s one has v(ay) < 1, 


whereas the projection of a onto [T,,. Soo Kf lies in the set 


n 
{Som :0<a,< i} 
j=1 


Using Corollary 1 to Lemma 5.43 and the definition of the discriminant 
we see that the measure of D in fact equals 1. If we define the Haar measure 
in the adele class-group via the one-to-one map between D and A}-/Ao, then 
all assumptions of the Poisson formula are satisfied and we may apply it to 
the function f(t) = f(t). 
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First we compute its Fourier transform, so let X be the character of Ar 
occurring in Proposition 6.32, and put X,(t) = X(at) for a € Ax. Then, 
using Proposition 6.32 and its Corollary we get 


Aw) =f. Al)Xy(—Hdmaly =f, fe)Xy(-t)ama(t 
= I _ FOXy(-ta V1 (x) dma(@) 


=V(@) f FOX jo(-Bamalt 


= V"\(2)f(y/2), 


and this leads, with the use of part (iii) of the Corollary to Proposition 6.23, 
to the asserted equality in view of Theorem VIII of Appendix I. O 


Thus the inner integral in (6.12) becomes 


i Xa(J) (rea S> f(/ti) - 10) duy(J) 


bE Ao 


Zot i xals) S> go(b/ti)dus(3) 


t belo 
+ 00) f xalaansG)— #0) | xelana() 


and so Bz turns out to be the sum of three integrals: 


Byes | 8 F xald) Y go(8/ti)avs (Aa 


bEIo 


1 
Boa =f (0) 7 oat i. xa(f)dus(7), and 


Bos = — f (0) i lade i xa(d)dp3(9), 


which we shall now evaluate separately. The first of them is similar in nature 
to B,. Indeed, since y, is trivial on Ig, and every element of Jx can be 
uniquely written in the form bj with b € Ip and 7 € E, we get 


Ba = [ 4-2 [ _ aot) xa) a 
= ik go(1/x)V (a)*~1y4(x/V(x))dmyz (a) 


2 


= / go(z)V (x)! ~*yq-1(a/V(a))dmz(a), 
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thus has the same form as B,, and the same argument as used for B, shows 
that Bo, defines an entire function. 

To evaluate Bog and Bo3 observe that if y, is trivial on JK, then Lemma 
6.37 gives 


[ Xa(i)dp1y(7) = wy (B) = hr, 


and in other cases this integral vanishes. 
Now note that with our choice of characters vq, if such character is trivial 
on Jx, then it is trivial on the full idele group Ix, since we have 


Xa (x) =V(a)* = I] Ly) i 


with a suitable ¢, but in view of our normalization (Lemma 6.34) this implies 
t = 0. We arrive thus at the equality 


CG. s6eye I, g(2)V (a) xa(2)drner(2) 


/ go (2)V (a)! y¢-3 (a) dry (a) (6.13) 


+-( 2 f) - £01) hk 
s—l1 8 , 


Jl ifx.=1, 
“10 otherwise, 


where 


and we see that the first two summands on the right-hand side are entire 
functions of s. This establishes the assertions (i) - (iii), and since (6.13) 
implies that the zeta-function Z(g,s,a) is bounded in every fixed vertical 
strip, we obtain (v). 

To prove the functional equation it suffices now to observe that the equa- 
lity 


AC Ce i go(2)V (a) x41 («)drnz(2) 
Fa i g(—a)V (a) °xa()drn (x) 


+€ (= + fo hk, 


follows from (6.13), and since the second integral remains unchanged after we 
substitute —x for x, one sees immediately that this zeta function coincides 
with Z7(g, 8, Xa). O 


In the next chapter we shall apply this theorem to various functions f to 
obtain classical results of Riemann and Hecke 
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6.3. Notes to Chapter 6 


1. The first to apply the p-adic approach to algebraic numbers was Hensel, 
who as early as 1894 demonstrated the power of this approach while solving a 
problem of Dedekind concerning the discriminant (Hensel [94a,b], [97a,b]). A 
systematic application of this method was outlined in Hensel [97c], [05a], [07], 
[13], [18]. Quadratic fields were treated in Hensel [14a] (cf. Bauer [22], Wahlin 
[15a]). Application to the factorization of prime ideals in various extensions 
can be found in Bauer [36], Bauer, Chebotarev [28], Hensel [21a,b], Ore [27], 
Rella [24a], Wahlin [15b], [22]. 


2. The applicability of p-adic numbers to the theory of quadratic forms was 
established by Hasse [23a,b], [24a,b] (cf. Hasse [62] for historical remarks), 
who proved that two such forms over an algebraic number field K are equi- 
valent if and only if they are equivalent over every completion of K, and, 
moreover, a quadratic form F with coefficients in K represents a given ele- 
ment a € K if and only if F represents a in every completion of K (cf. Cassels 
[59a], O’Meara, [63], Siegel [41], Springer [57]). 

One says that for a given statement the Hasse principle holds, provided 
it is true in a field K if and only if it is true in every completion of K. It 
has been noted by Witt [35] that the Hasse principle fails for the solvability 
of the equation 2? + y? = a in fields of algebraic functions. It fails also for 
zeros of cubic forms, even over Q, as shown by Selmer [51], who produced 
the example 32° + 4y? + 5z°, which has non-trivial zeros in every completion 
of Q, but not in Q. See also Bremner [78], Cassels, Guy [66], Mordell [65], 
Selmer [53], Swinnerton-Dyer [62]. 

For quintic forms the Hasse principle also fails (Fujiwara [72]), as well 
as for certain other classes of forms (Birch, Swinnerton-Dyer [75], Fujiwara, 
Sudo [76], Manin [71]). Iskovskikh [71] showed that it fails also for common 
zeros of two quadratic forms, however, as shown in Waterhouse [76], it holds 
for the equivalence of such pairs. 

An important example of the validity of this principle is the Hasse 
Norm Theorem (HNT) proved in Hasse [31d] (for earlier special cases see 
Furtwangler [04], [09], Hilbert [97, Satz 167], [99]). To state this result let 
X(L/K) be the set of all elements of K* which are norms in every local 
extension L,,/K,, where v ranges over all valuations of K and w over all 
prolongations of v to L. Trivially one has Nz/x(L*) C X(L/K), and Hasse’s 
theorem asserts that if L/K is cyclic, then we have equality here. For an- 
other proof see Gold [77]. The factor group R(L/K) = X(L/K)/Nz/x(L*) 
has been introduced by Scholz [36], who related it to Schur’s multiplier (Schur 
[04]) of the Galois group of L/K. The group &(L/K), called the knot group 
of L/K, has been studied later by Jehne [79], who also considered several 
related groups (see also Heider [80], [81], [84], Razar [77], Steckel [82a]). 

For non-cyclic extensions Hasse’s norm theorem may fail, as noted already 
in Hasse [31d], however, there are classes of extensions for which it is true. 
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This happens, e.g., for all extensions of prime degree (Bartels [81b], for the 
cubic case see Tasaka [70]), for extensions with a generalized quaternion group 
of order not divisible by 8 as Galois group (Arnaudon [76]), and also for all 
extensions, whose normal closure has a dihedral Galois group (Bartels [81a]). 
For other classes of fields see Garbanati [75], [77], [78a,b], Gerth [77a,b], 
[78], Gurak [78a,b], [80], Hamada [83], M-Horie [91], [93], Kagawa [95], Leep, 
Wadsworth [92], Platonov, Drakokhrust [85], Scholz [36]. 

Lorenz [80] proved that if L/K is normal, then there exists a normal 
extension M/K, containing L, such that all local norms of M/K become 
global norms in L/K. See also Lorenz [82], and Opolka [80a,b], [82], [84]. 

For other results concerning HNT see K.Amano [77], [79], Leep, Wads- 
worth [89], Opolka [87]. An application to diophantine equations was given 
by J.H.Smith [75]. For analogous questions concerning infinite extensions see 
Heider, and for units units see Gold [77] and Nakagoshi [75]. For a survey of 
questions related to HNT see Jehne [82]. 

Several other examples of Hasse’s principle were given in Cantor, Roquette 
[84], Colliot-Théléne, Coray, Sansuc [80], Colliot-Théléne, Sansuc [82], Dress 
[65], Hasse [32], Hijikata [63], Landherr [36], Noether [33], O’Meara [59], 
Opolka [81], Pezda [03], Scharaschkin [99], Waterhouse [77], [78]. See also 
Chap. II.6 in the book of G.Gras [03]. 


3. The ramification groups were introduced by Hilbert [94a] directly, without 
the use of p-adic fields. For particular classes of fields they were studied in 
Dribin [37], Hasse [30b], Porusch [33], Rosenbliith [34]. 

In addition to papers on that topic quoted in Chap. 5 let us mention 
Herbrand [30a], Krasner [35], Speiser [19] and van der Waerden [34]. 

Corollary 2 to Proposition 6.8 was proved first in Chebotarev [29], Corol- 
lary 1 to Proposition 6.9 appears in McCulloh [66], and Corollary 2 is due 
to Netto [83], [84]. Theorem 6.11 was first proved by Wiman [99], and re- 
discovered later by Westlund [12]. For another proof see Albis-Gonzalez [73]. 
(In the first edition of this book the treatment of the case (v) of Theorem 
6.11 was incomplete.) Generators of the group G(JZ) in the case when it is 
cyclic are called primitive roots mod I. The analogue of Artin’s conjecture 
on primitive roots states that every non-zero and non-unit element of Rx, 
which is not a square, is a primitive roots for infinitely many prime ideals 
of Rx. It has been shown by Lenstra,Jr. [77b] that this conjecture follows 
from the General Riemann Hypothesis. For other results on this conjecture 
see Egami [81], Hinz [84], [86] and Narkiewicz [87]. Primitive roots a mod 8 
with minimal |Nx/g(a)| were studied in Hinz [83a,b,c]. 

Finite commutative rings with a cyclic group of units were described by 
Gilmer [63b]. For other proofs see C.W.Ayoub [69], Pearson, Schneider [70], 
Raghavendran [70]. 

The structure of the group G($8") was determined in Hensel [16b], [17], 
Nakagoshi [79], Takenouchi [13]. For particular cases see Dirichlet [41a], 
Halter-Koch [72a], Ranum [10]. The multiplicative semigroup of the ring 
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Rx/I for an arbitrary ideal I was described in Rieger [64]. An algorithm 
to determine the structure of its maximal subgroup gave Hef, Pauli, Pohst 
[03]. 

Proposition 6.13 had a wrong formulation in the first edition of this book. 
This was noticed by Lewittes [83], who computed the number of real primitive 
characters mod $*, 


4. Gaussian sums in the case of K = Q go back to Gauss and Lagrange, 
and in the general case there were introduced by Hecke [19] in the case of 
quadratic fields and by Hasse [51a] in the general case. See also Hasse [52b], 
[54a], Kubota [60]. A general theory of Gaussian sums in rings was developed 
by Lamprecht [53], [57]. 

Theorem 6.16 is due to Gauss [11], and the proof given by us was found 
by Waterhouse [70]. There are more than 25 proofs of that theorem, all listed 
in the survey of Berndt and Evans [81]. 

Theorem 6.17 was obtained independently by S.Chowla [62] and Mor- 
dell [62]. We reproduced Mordell’s proof. See Evans [77], Funakura [92], 
Yokoyama [64] for generalizations. Explicit formulas for Gaussian sums with 
cubic and quartic characters in terms of elliptic functions were given in 
Matthews [79] (see also Barkan [90], Ito [89], Loxton [74a], [78], McGettrick 
[72], K. Yamamoto [65].) 

There was a conjecture, originating in Kummer [42], [46], stating that 
if p = 1(mod 3) runs over primes, then the arguments of Gaussian sums 
associated with a cubic character mod p are non-uniformly distributed on 
the unit circle. This was disproved by Heath-Brown and Patterson [79] (for 
an exposition of the proof see Venkov, Proskurin [82]). The same holds also 
for Gaussian sums of higher orders (Patterson [87]. 

Gaussian sums related to characters mod p” with n > 2 are easier to 
handle, and can be evaluated explicitly as shown by Odoni [73a] (see also 
Mauclaire [83]). 

Various relations between Gaussian sums, including important reciprocity 
theorems, were given in Barner [67], Davenport, Hasse [34], Hecke [19], Kubo- 
ta [60], [61], [63], Kunert [35], Mordell [22a], L.H.Schmid [36], K. Yamamoto 
[66]. 

Gaussian sums were used in Hasse [40], [48a] and Bergstrém [44] for 
the study of class numbers. The role of Gaussian sums in the arithmetic 
of Abelian extensions of Q was emphasized by Leopoldt [62]. 

The full story of Gaussian sums over the rational field is given in the book 
of Berndt, Evans and Williams [98]. 


5. Theorem 6.18 was stated by Kronecker [53], [77], and its first proof (not 
quite complete) was published by H.Weber [86]. We presented the proof of 
Shafarevich [51] (see also Washington [82]). For other proofs see Chebotarev 
[24], Delaunay [23], Ghate [00], M.J.Greenberg [74], Hilbert [96], [97], Lubel- 
ski [39], Mertens [06], Riese [98], Speiser [19], Steinbacher [11], H.Weber [07], 
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Yamamoto, Onuki [75], Zassenhaus [68]. Neumann [81b] gave two proofs along 
the lines of Kronecker and Weber, discussing also other proofs. 

An analogue for Abelian extensions of imaginary quadratic fields has been 
conjectured by Kronecker and proved, in a modified form by H.Weber [96b], 
[97] and Fueter [05] (cf. Fueter [11], [14], [24], Hasse [27], Hecke [17b], Ra- 
machandra [64], Takagi [20]). The case of real quadratic fields was treated in 
Shintani [78]. 

An analogue of Theorem 6.18 for the field of rational functions in one 
variable over a finite field has been obtained by Hayes [74], and Drinfeld [74] 
did this for finite extensions of such fields. Drinfeld’s proof has been simplified 
in Hayes [79]. See also the survey by Goss [80]. 


6. The question of the existence of a cyclic extension L/K of an algebraic 
number field K with prescribed local extensions Ly /K‘,, for p lying in a given 
finite set S', was first considered by Grunwald [33]. However, it was pointed 
out by S.Wang [48] that there is a case in which Grunwald’s argument does 
not apply. An improved version was obtained independently by Hasse [50b] 
and §.Wang [50a], and the final result is called the Grunwald-Hasse-Wang 
theorem. For other proofs see Artin, Tate [68], Neukirch [74b], and for a 
sharpening see Tomanov [88]. An analogous result holds for arbitrary Abelian 
extensions (Hasse [50b], S.Wang [50b]), and, more generally, for extensions 
with nilpotent Galois groups (Neukirch [73]). Cf. Miki [78], Neukirch [74c], 
Saltman [84]. In general it is not possible to prescribe the local behaviour in 
the case of S infinite. For example, there are no septic fields, ramified only 
at one prime p = 2,3,5, there are four such fields, ramified only at p = 7 
(Bruegeman [01]), and there are 10 septic fields ramified only at p = 2 and 3 
(Jones, Roberts [03]). 


7. Ideles were introduced by Chevalley [36a], who used them for his reformu- 
lation of the class-field theory (Chevalley [40]). Adeles occur first in Artin, 
Whaples [45], where they were called valuation vectors. 

For the topological properties of adeles and ideles see Artin, Tate [68], 
Iwasawa, [53a]. The paper of Iwasawa contains the following characterization 
of the ring of adeles: if R is a semi-simple commutative locally compact ring 
with a unit element, neither compact nor discrete, and there is a discrete field 
K Cc Rwith the same unit element and the factor-group R*/KT is compact, 
then R is the ring of adeles either of an algebraic number field, or of a field 
of algebraic functions in one variable over a finite field of constants (in the 
latter case one defines the ideles in an analogous way). 

Examples of non-isomorphic fields with isomorphic adele rings were given 
in Jacobson, Vélez [85], Komatsu [78], [84]. A criterion for this phenomenon 
in terms of norm-forms was given by Meyer, Perlis [79]. 

An exposition of the theory of adeles was given by A.Robert [74]. 

The structure of D(A’) was determined by Weil [51], and other proofs were 
given in Artin [56], Kobayashi [83]. One proves in the class-field theory that 
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the quotient group C(K)/D(K) is topologically isomorphic to Gal(K®’/K), 
K® being the maximal Abelian extension of K. 

A characterization of characters of C(AK) among those of the full idele 
group was given in Gurevich [71]. We shall encounter these characters again 
in the next chapter. 

Certain subgroups of Ix were studied in Furuta [66], Masuda [57], Miyake 
[80b]. 

The idele class-groups of imaginary quadratic fields were described by 
Onabe [78], who gave also examples of fields with isomorphic idele class- 
groups, but distinct ideal class-groups (e.g. K = Q(/—d) with d = 8, 20 ,23, 
47 and 71). Komatsu [74] showed that if Gal(Q/K) ~ Gal(Q/L) (where Q is 
the algebraic closure of Q), then Ix ~ Iz, and in [76c] he produced examples 
to show that the converse implication fails for adele rings in place of idele 
groups. 


8. The discriminant 0(L/K) was introduced by Frohlich [60b], [61], who ap- 
plied this notion in [60c,d]. Proposition 6.30 is due to to him. Normal exten- 
sions L/K with 0(L/K) € I}-/U?, were characterized in Maurer [78a], [79] 
as those for which the 2-Sylow subgroup of the Galois group is non-cyclic. 

Hecke [23] proved that the class of Dy; in H(L) is a square. This im- 
mediately implies Theorem 6.31. Other proofs of Theorem 6.31 were given 
in Armitage [67], Frohlich [60b], Knebusch, Scharlau [71], Weil [67]. It holds 
in every Dedekind domain (Armitage [67]), however the class of the differ- 
ent is not necessarily a square in this more general situation, as shown in 
Frohlich, Serre, Tate [62]. If the extension L/K is normal of odd degree, then 
the different Dz, is itself a square of a certain ideal I;,/«. See Erez [91] for 
properties of Ip/x. 

The results of Sect.5, in particular Theorem 6.36 are due to Tate [50]. A 
more general class of zeta-functions was considered by Ono [70]. 


9. A p-adic analogue of the regulator matrix was introduced by Leopoldt 
[62], who conjectured that its rank is independent on p, and coincides with 
the rank of the usual regulator matrix. This was shown to be true for Abelian 
fields by Brumer [67] (see also Ax [65]), and other special cases were settled 
in Bertrandias, Payan [72], G.Gras [72a], Kuzmin [81], Miyake [82]. In the 
general case Waldschmidt [81] proved that the rank of the p-adic regulator is 
> (ri(K) + r2(K) —1)/2. For other results concerning Leopoldt’s conjecture 
see Gillard [79d], Iwasawa [65]. More information can be found on the book 
of G.Gras [03]. 

Diophantine approximations and geometry of numbers in the ring of ade- 
les as well as the analogues of Pisot numbers were studied in Bertrandias 
[65], Cantor [65], Decomps-Guilloux [65a,b], [70], Grandet-Hugot [66], [75], 
McFeat [71], Senge [67]. 
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EXERCISES 


1. Characterize wildly ramified extensions L/K with T,/;x(R1) = Rx in terms 
of factorization of prime ideals. 

2. Determine the inertia and ramification groups for the following extensions 
K/Q 
(a) K/Q quadratic, 

(b) K = Q(¢p) with prime p, 

(c) K = Qvi). 

3. Determine the structure of the group G(p), where p is a prime ideal in Rx 
with fx/g(p) > 2. 

4, Determine all natural numbers n for which the group G(nZ) has primitive 
characters of a given order k. 

5. Let L/K be a finite extension of an algebraic number fields and define the 
idele norm map by the formula 


aps) = ( Il Marke) : 


uv over Ww 


Prove that Nr/x : In —+ Ix is a continuous homomorphism which agrees on 
principal ideal with the usual norm map from L* to K™*. 

6. Prove an analogue of the preceding exercise for an appropriately defined trace 
map from Ar to Ax. 

7. (Weil [39]) (i) Estimate the number of principal adeles (a,), satisfying v(av) < 
Ty, where T, are given non-negative real numbers of which only finitely many are 
non-zero. 

(ii) Let a € K and let (ay) be the corresponding principal idele. For v € Soo 


put 
_ J ay if v is real, 
Ty(a) = i +@, otherwise, 


and for remaining v’s put T, (a) = Tx, /q, (av), where p is the unique rational prime 
with v(p) 4 1. Moreover for v € Soo let ty(a) = —T,(a) and for v ¢ Soo let ty(a) 


be a rational number r such that T,(a) —r € Ry. 
Prove that for all a ¢ K the number 9°, tv(a) is a rational integer. 


7. Analytical Methods 


7.1. The Classical Zeta-Functions 


1. In this section we introduce the Dirichlet series defining the Dedekind zeta- 
function, and also some other kinds of zeta-functions, including Dirichlet’s 
L-functions, and derive the functional equations for them. Our arguments 
will be based on the results of Chap. 6. Subsequent sections are devoted to 
asymptotic distribution of ideals and prime ideals. We shall use the tauberian 
theorem of Delange, an account of which is given in Appendix IJ, as well as 
complex integration in its simplest form. We adopt the convention that 5°, 
and mF denote summations over all non-zero ideals, respectively all non-zero 
prime ideals of the considered algebraic number field. We shall also denote? 
by a, t the real, respectively the imaginary part of the complex variable s. 
We start with Dedekind’s zeta-function of an algebraic number field K, 


which is defined by ‘ 
Cx(s)= >> Na (7.1) 
I 


To obtain its properties we need an analogue of Euler product formula for 
ideals: 


Lemma 7.1. Let f be a complex-valued function defined on the set of all 


non-zero ideals of Rx and assume that it is multiplicative, t.e., for relatively 
prime ideals I, J we have f(IJ) = f(I)f(J). Assume, moreover, that the 


O69) =D Nap 


converges absolutely in a certain half-plane 0 > C. Then in that half-plane 


we have the equality 
a(t.) =I oF 


p m=0 


? This peculiar notation goes back to Riemann’s memoir on prime numbers. A 
legend says that he did not know the letter 7, but it was rather a printers fault. 
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Proof : For a real positive T denote by Ar the set of all ideals of Rx whose 
prime ideal divisors have their norms not exceeding JT. Then obviously we 


have 
aa 


ner ™ 


hence the difference 


I er = way 


N(p) ST wines 


does not exceed 


N(1)>T 
and this tends to zero. O 
Proposition 7.2. In the half-plane o > 1 the series (7.1) converges abso- 


lutely, and the convergence is uniform in every compact subset of that half- 
plane, so Cx(s) is regular there. Moreover, in that half-plane the infinite prod- 


uct ¥ 
ro =T1(1~ pp) 


p 


converges, and we have P(s) = ¢x(s). 


Proof : Let [K : Q| =n. Since there are at most n prime ideals in Rx with 
a given norm, and every such norm is a prime power, the series }°,, N(p)~? 
is for 0 > 1 absolutely convergent, and its convergence is uniform in every 
compact set, since it is majorized by the series 


Loe 
q a 
where q runs over all prime-powers in Z. If T > 0 , then 
YS wats TL +N) 7 +N@) 7 +--), 
NST NST 


but the series in brackets on the right-hand side does not exceed 1+3N(p)~? 


and so 
YS IND < [] @+3N(p)-?) <8, 
nee NST 


with a constant B, because the series 3°,, N(p)~? converges in our range 
uniformly in every compact set. This proves everything except the infinite 
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product representation of ¢x(s), but this is an immediate consequence of 
Lemma 7.1. O 


Corollary 1. The function ¢x(s) does not vanish in the half-plane o > 1. 


Proof : No term of the infinite product for ¢x(s) can vanish in this half-plane. 
O 


The analogue x (I) of the classical Mobius function is defined by 


1 if [ = Rr, 
ux(I) = < (-1)* _ if J is the product of k distinct prime ideals, 
0 if I is divisible by the square of a prime ideal. 


One sees in exactly the same way as in the case of the usual Mobius 


function that 3 (1) = { 1 iff=Rx, 
a HK 0 otherwise. 


Corollary 2. The function ¢x(s)~+ is regular for ¢ > 1, and we have there 


the equality 
ux) 
ae me N()s 


Moreover, in the same range one has 


ICx(s)7"| < Cx(o). 


Proof : The regularity follows from the preceding corollary and it remains to 
observe that 


bx (L) a Ver be() 
S- pe * $K(8) = . — NG 


O 


Corollary 3. If F(n) denotes the number of ideals of Rx with norm equal 
to n, then foro > 1 one has 


and 
ICx(s)| <¢(o)™ 
where N = [K : Q|, and ¢(s) = Cg(s) is the Riemann zeta-function. 
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Proof : The first assertion is obvious, and to obtain the second recall that if 
dyn(n) denotes the number of representations of n as a product of N factors, 
then Lemma 4.9 gives F'(n) < dy(n), hence 


2. Now we prove the main property of Dedekind’s zeta-function, which was 
first established by Hecke [17a] with the use of the theory of theta-functions. 


Theorem 7.3. The function ¢x(s) can be continued analytically to a mero- 
morphic function having a unique simple pole at s = 1 with the residue hk, 
k being defined by (6.8). Moreover, if we put N = [K : Q|, and 


1 
A= QraqN/2 V |d(K)I, 


then the function 
&(s) = A*T'(s/2)"I(s)"Cx(s) 


satisfies the functional equation &(s) = &(1 — s). 


Proof : We are going to apply Theorem 6.36 to the function f = [], fo, 
where for non-Archimedean v we choose for the function f, the characteristic 
function of the ring R, of integers of K,, whereas for Archimedean v we put 


EGN2 exp(—12?) if v is real, 
ow’ Lexp(—27v(zv)) if v is complex. 


(Remember that for complex v we have v(z) = |z|?.) 


Let us now compute the Fourier transforms and zeta-functions of the 
functions f,, corresponding to the quasicharacter v*. In the real case we 
obtain without difficulty 


folw) = / exp(—ma’s + 2niz,y,)dx = exp(—mys) = fu(y) 


—co 


and 
ff folenyolan Paya) =f Falun )ule)*dun(a) = 9-**P(6/2). (7.2) 
Similarly, in the complex case we get for zy = 2+ iy, Yy =at di 
fol) =fo(a+ bi) = 2f- [. exp(—27(x? + y”) + 4mi(ax — by))dady 


= exp(—27(a? + 6*)) = fale), 
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and 
[ foeywead?aue(e) =2 ff ex-ante? + va? + 9) ey 
= he ar [ . exp(—2ar?)r?8~"dy = I'(s)n*~ 
=f fulw)ulu)*auc(o). (7.3) 


For non-Archimedean v we obtain 


f.(go) = i fo(av)Xy, (—av)dpty(x) = ee if yy aD 


otherwise, 


where xy, (t) = X(tyv), X(t) being the standard character of K{, and D, is 

the different of the extension K,/Q,. Moreover, 
N (pv) 

N(pv) -1 Ky 

_ N (pv) s—l 

= N(pv) =a] 2 v(Ly) dpty (x) 


holds for o > 1, py being the prime ideal of R,. If we fix a generator 7, of 
py, then we get, with U = U(K,), 


. v(ay)* du, (x) = df, re taal) 


= onto) f vlan) dasa) 


j=0 


J. foleedu(er)*a5(2) = fala) v(y)* dpa (2) 


(1 — N(p))7* lag dpty(2x) 


N(pv) — 1 N(Dv) Sune 
N (pu) 1— N(pv)~* 


because the equality 


Pe rw) = : vit) = ¥ v va w\L 
N(D.) i dp, (x) Yb (x) eG ) [ow (x) 
implies 


2 N(pv) al 
[ewe = Nb.) ND)? 


We have thus obtained the equality 
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re _Fuleo)u(aay' aisle) = ND? — NI (4) 
and similarly one gets 

I _Folve}ule)*dus(u) = N(DoYA—Neo)"Y (75) 


Now we check that the function f satisfies the assumptions of Theorem 
6.36. Since all functions f, are continuous and integrable in K,*, and since 
almost all of them are equal to 1 on R,, Lemma 2 of Appendix I shows that 
f is continuous, and, moreover, the equality 


/ | fv (ay) |duty (a) = N(Dy)7'/? 
Ky 


for non-Archimedean v shows that we can apply the Corollary to Lemma 2 
of Appendix I to obtain the integrability of f. Moreover, Lemma 3 and the 
Corollary to Lemma 4 of the same appendix jointly with the equality 


/ Lfo(¥o)|dyy = 1 


v 


show that the Fourier transform f is continuous and integrable, and one has 
F(Yo)) = Il fo(w): 
Vv 


This shows that the condition (a) of Theorem 6.36 is satisfied, and we may 
turn to condition (b). Readers acquainted with Hecke’s classical proof of our 
theorem, which was based on the properties of theta-functions, will recognize 
them hidden in the background of the verification which now follows. 

Let a = (ay) € In, & = (fy) € Ix and t € K = Ap. We can write 
f(a(a + t)) = P, Po, with 


P= Il fo(Qv(@y +t)), P2= Il fu(@y (ay + #)). 
VES oo VES co 
It is immediate that we have 


ee { 1 if for v ¢ Soo one has a,(x, +t) € Ry, 
0 otherwise. 


On the other hand, if we denote by F, the embedding of K in K,, and put 


_ J1_ for real v, 
™ =) 92 for complex v, 


then we get 
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> f(a(a+t)) = S> exp (-- > Nu |@y (ty + oy) ; 


teK teWw (a,x) VES 


where 
W(a,z) = {te K: a,(ty, +t) € R, for v Z Soo}. 


Now let C,, Cz be compact subsets of Ix and Ax, respectively, and put 
W= U U W(a, 2). 
a€C, rEC2 


The compactness of C,; and C2 implies the existence of positive constants 
C1, €2,¢3 and a finite set S of normalized valuations such that for 


((av), (av)) EC, x Co 


we have v(a,) = 1 and v(z,) for v ¢ S, and c1 < v(ay) < ce, v(xy) < cg 
for v € S. If v is non-Archimedean, and v, denotes the exponent of K,, then 
with suitable 61, bo, b3 we have b; < vy (ay) < bg and %(x,) < b3. Now let 7, 
be the generator of the prime ideal of R,, put 


= in{b3,—b: 
y= TI ahem 
vVES\Soo 


and observe that J is a fractional ideal containing W. In fact, if t € W, 
then for some (a,) € Cy and (ry) € C2 we have for non-Archimedean v the 
inequality vy(a,(x, + t)) > 0, hence for such v we get 
Vy(t) =Vy (ey +t — 2) > min{yy (ry), %y(Ly + t)} 
> min{r (ry), —Vy(av)} > min{b3, —b2} 


for v € S and, similarly, v,(¢) > 0 for v ZS. 
It remains to prove that the series 


S\ exp (-- S> Ny |Ay (Ly + ry? 


ted VES oo 


converges uniformly for ((ay), (v)) € C1 x C9. For this purpose let wi,...,wn 
be a Z-basis of J, so that every element ¢ € J can be uniquely written in the 
form 


t= > yj; (yy € 2). 
j=l 


Our series becomes 


S te y Tol do (te + Y us Fo(ws))) ; 


YlyeesYnEZ VES oo 
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But our assumptions imply that |a,| is bounded from below by a positive 
constant, and |z,| is bounded from above. Hence the inner sum exceeds a 
constant multiple of }7"_, y7, except for a finite number of terms depending 
only on C2, and we see finally that our series is majorized by a constant 


multiple of 
( S- oo(-Bi)) 


y=—0o 


with a certain positive B, a series evidently convergent. 

In the same way we deal with the second series occurring in the condition 
(b) of Theorem 6.36. 

Condition (c) is in our case a consequence of the estimates 


sup TT fi UoCoao(ae)*autla) < 2 (¢/2)* (ay) 


ves 
xa(K)? TT G- Nom), 
VES c0 


and 


sup II I. [fo Ye) yw)" dus (y) < (w*/7P(t/2))" (20)? *TP(t))” 


ves 


x|a(K) I? TT G@- Nm), 


VE Soo 
which follow from (7.2), (7.3), (7.4) and (7.5). The convergence of the product 
I] @-4@.)")7? 
VES oo 


is ensured by Proposition 7.2. 
Thus we see that all conditions of Theorem 6.36 are satisfied by our 
function f. If we now define for 0 > 1 the function W by 


w(s)= TT f foleoes)ans(a) = TT f) ftowo(o*austo 
VES o VE Soo 
then, again using the equalities (7.2) - (7.5), we obtain 
Z(f,8) =¥(s)Cx(s)|a(K)|-/? 
and ; 
Z(f,8) =(s)Cx(s)|d(K)|?*. 


By Theorem 6.36 these two zeta-functions can be continued analytically to 
meromorphic functions, whose only poles can lie at s = 0 or s = 1. Further- 
more, W satisfies the functional equation 
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W(8)Cx(s)|d(K)|-/? = (1 — 8)Cx (1 — 8) |d(K)|-*. (7.6) 


One checks without difficulty that this is just the equation occurring in the 
formulation of the theorem. At s = 1 the function Z(f,s) has a simple pole, 
and since Y(1) = 1 we get f(0) = |d(K)|~1/?, which shows that Cx(s) has a 
simple pole at s = 1 with residue hx. At s = 0 the function Y(s)¢x(s) has 
a simple pole, but Y(s) has there a pole of order r; + r2, and so we see that 
¢x(s) is regular at s = 0. This establishes all assertions of our theorem. O 


Corollary 1. For s ¢ {0,1} one has 


“(¢ s l-s oa 1 
I conn FOV) + F-aV@) Janta) h(E, Ta ta] 


= Cx (s)|d(K)|®—1P'(s/2)"I'(s)"20-9"/? (20)"2 4-9), 


Proof : Apply the equality (6.13) to the function f and qq = 1, remembering 
that f(z) = f(—z). oO 
Corollary 2. If h« denotes the residue of Cx(s) at 1, then for s > 1 we have 


s(s—1) 


hee pe tee 
a sVD+1-—s 


Cx (s)I'(s/2)"D(s)"? 2 9"1/?(Qn)r24-9), 
with D = |d(K)|- 


Proof : Apply the preceding corollary, noting that the integrand is non- 
negative. O 


Corollary 3. For0<a<1 we have 
hk< OPP Cg age orn tg =, 
where n = [K : Q| and D = |d(K)|. 
Proof : Put in the preceding corollary s = 1+ a, and observe that 
F(a) / 281 aye OP aa) a OO og OE, 
because of 
I((1+a)/2) <T(1/2)=VJ7n, and I(1+a)<I(2)=1. 


Corollary 3 to Proposition 7.2 gives x(x) < ¢(x)” for x > 1, and in view of 
the inequality 


(e)= yo Ssi+ [ S- a 


t# 2-1 a-1 
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holding for 1 < 2 < 2 we get €x(1 +4) < (2/a)”. 
The assertion results now by observing that 


Corollary 4. For every field K of degree n we have 
h(K)R(K) = O(VDlog”"! D), 
with D = |d(K)|, the implied constant depending only on n. 


Proof : In the last corollary put a = 1/log D. This leads to hk < Clog”~! D 
with a certain C, depending only on n. Using the equality 


h(K)R(K) = w(K)h(K eV D277 "2, 


with w(K) being the number of roots of unity contained in K, we arrive at 
our assertion, because there are only finitely many roots of unity of a given 
degree. ma 


Corollary 5. If K and L are algebraic number fields with the same Dedekind 
zeta-function, then [K : Q| = [L: Q,, d(K) =d(L), ri(K) = 1r1(L), re(K) = 
ro(L), and 
A(K)R(K) _ A(L)R(L) 
w(K) ——w(L) 


Proof : If ¢, = Gz, then Corollary 3 to Proposition 7.2 shows that for every 
N the numbers of ideals of norm N in Rx and Ry coincide. For prime n 
these numbers are bounded by the corresponding degrees, and by Theorem 
4.37 these bounds are attained. This implies [K : Q] = [L: Q]. If now x 
and @,; are functions appearing in Theorem 7.3, corresponding to K and L, 
and Ax, Ar are the respective constants, then 


®x(8) = Ox (1 — 8) = AKT(s/2)" (8)? Cie(s) 
and 
(8) = G,(1 — 8) = AET'(s/2)"™ (8) cz (s), 
and division yields 
(Ax /Az)2—11'(s/2)()-71 ©) Pr g)72(4) 72 (L) 
= P((1 — s)/2)2 0-1 (2) ry — g)2(®)-r2(E) 
The right-hand side is regular in a neighbourhood of s = 0, and since I’(s) 


has a pole there, we must have r1(K) + ro(K) = ri(L) + ro(L), and since 
the degrees of K and L coincide we get r1(K) = r1(L) and ro(K) = re(L). 
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Therefore (Ax /Az)?5~! = 1 holds for all s, leading to Ax = Az, which in 
turn implies |d(AK)| = |d(ZL)|. By Proposition 2.15 the signs of the discrimi- 
nants coincide, hence d(K) = d(L). The last assertion follows by comparing 
the residues of Cx and ¢, at s = 1. 


Corollary 6. If K is either Q, or an imaginary quadratic field, then Cx (0) 4 
0. Otherwise Cx(s) has a zero of order ri; +1r2—-1 ats =0. 


Proof : Apply the functional equation and the fact that I’(s) has a simple 
pole at s = 0. O 


3. We now introduce a class of multiplicative complex-valued functions de- 
fined on the group GK) of all fractional ideals of K, which we shall call Hecke 
characters. Let X be a quasicharacter of the idele class-group C(K), i.e. a 
quasicharacter of Ix, trivial on Jx. According to Theorem IX of Appendix I 


we can write 
X((£v)) = [[ %@), 


where X, is a quasicharacter of K*, equal to unity on U(K,) for almost all 
v's. 

Let 2 be, as in the previous chapter, a fixed set of normalized inequivalent 
valuations, and let S be a finite subset of 2, containing S., as well as all those 
v’s for which X, is non-trivial on U(K,). For v ¢ S the value X,_(x,) depends 
only on v(z,), and thus we can consider X, as a quasicharacter of the group 
of all fractional ideals of K,, which is an infinite cyclic group. Define now a 
function x on G(K) by putting for all prime ideals p of Rx 


Xy v if Ry = Vv) S, 
x)= {9 (pu) if pRy = pov ¢ 


otherwise, 


and extending it to G(K) by multiplicativity. 

The restriction of x to the subgroup of G(K) generated by the prime 
ideals p, (v ¢ S) is a quasicharacter. Although y itself is not a quasicharacter 
(except when S = S.), since it can assume the value zero, we call it a Hecke 
character. If X is a character of C(K), then x is called a proper Hecke 
character. The set S is called the exceptional set of x. 

If X is a character satisfying the normalization condition stated in Lemma 
6.34, then x is called a normalized Hecke character. Note that in view of (6.7) 
every Hecke character x may be uniquely represented in the form 


x(I) = xi (1)N()*, (7.7) 


where x1 is a normalized (hence proper) Hecke character and s € C. More- 
over, the character x is proper if and only if o = 0. 

The formula (7.7) shows that in most questions one can restrict attention 
to proper Hecke characters. 
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Our next aim is to give an intrinsic characterization of Hecke characters. 
For this purpose we shall consider a slightly more general situation. Let G 
be a complete metric Abelian group, and let S' be a finite set of normalized 
valuations of K, containing S... Denote by G(K;S') the group of all frac- 
tional ideals of K, whose factorization into prime ideals contains no factors 
corresponding to v € S'\ So. Moreover, for any fractional ideal I of K denote 
by Ig the S-free part of I, i.e., the unique ideal of G(K; S') for which we have 
I =IgI', all prime factors of I’ corresponding to v € S. A homomorphism 
f : G(K;S) — G will be called admissible, if for every neighbourhood U 
of unity in G there exists a positive € such that for every x € K™*, satisfying 
u(a —1) <e forv € S, the element f((zRx)3) lies in U. 

It will turn out that proper Hecke characters are exactly those homomor- 
phisms of G'(K) into T which are induced by admissible homomorphisms of 
the groups G(K;S). This is implied by the next result, which we shall later 
use also in the case of G finite. In its proof, and also in the sequel, we shall 
utilize a convenient extension of the notion of congruence: if I = J], p$° 
is the canonical factorization of an ideal J of Rx, and x,y are elements of 
kK, then we shall write x = y(mod J) to indicate that for all p,| one has 
Vy(%— y) > ay. 


Theorem 7.4. Let G be a complete metric Abelian group possessing a neigh- 
bourhood of the unit element not containing any non-trivial subgroup of G. 
Then a homomorphism f : G(K;S') —> G is admissible if and only if there 
is a continuous homomorphism F: In —> G, trivial on Ip, and such that 
for every idele x = (xy) with zy =1 forv eS we have 


F(z) = f og(z), 


where g is the canonical map Ix —> Ix /Ux = G(K). 
If such an F exists, then it is unique. 


Proof : We deal with the sufficiency part first. Let F’ satisfy all stated con- 
ditions, and write it, by Theorem IX of Appendix I, as F(x) = [],, Fu(#v), 
F, being continuous homomorphisms of K} into G, almost all of them triv- 
ial on U(K,). Since G does not have arbitrarily small subgroups, to each 
non-Archimedean v € S there corresponds an ideal f, of R, such that the 
congruence z, = 1(mod f,) implies F,(z,) = 1. Therefore, if v(x — 1) is 
sufficiently small for each v € S \ Soo, then 


I] Fy (ty) = 1. 


VES\Soo 


But then we have for x € K* 


1=F(z)= [J Folz)- f((eRx)s), 


VES co 
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hence 
f((eRx)s)= [[ Fe") 
VES 
If v(x —1) is small for Archimedean v, then F(x) and F,,(a~) are both close 
to 1. Choosing for a given neighbourhood U of unity in G a suitable €, we 
can ensure f((xRx)s) € U provided u(x — 1) < € holds for all v € S. This 
establishes the sufficiency. 

To prove the necessity let f : G(K;S) —> G be an admissible homo- 
morphism. We have to define F' so that for any idele x = (z,), with x, = 1 
for v € S, we have F(x) = f o g(x), and moreover F is trivial on Jp and 
continuous. Theorem 6.28 yields the existence of a sequence a,, of principal 
ideles such that 

lim v(z~! — an) =0 (7.8) 


holds for v € S. Let I, denote the ideal g(a,xz) and put J, = (In). For 
arbitrary natural m, n we have 


f(In)/F (Im) = f((ana;,'Ric)s); 
and this tends to unity for m,n tending to infinity, since (7.8) implies 


lim v(anaz! —1) =0 
m,n—-oo 

for v € S. Thus the sequence f(J,,) converges to a limit, which is independent 
of the choice of ay, because G is assumed to be complete. Now put F(x) = 
lim, f(Jn). The resulting homomorphism of Ix into G is obviously trivial on 
Ip (just put a, = x~! for principal x) and now we have to check its continuity. 
Let U, be a given neighbourhood of the unit element of G. Take a positive 
e such that for any principal idele x = (x,) the inequalities v(x, — 1) < € 
for every v € S imply f(g(x)) € U,. Put O, = {xy : v(t, — 1) < e}, and 
consider the following neighbourhood of unity in Ix: 


v= [[O.x [[oe). 


ves vgS. 


Any x = (z,) in U satisfies x, € U(K,) for v outside S, thus 
F(x) = lim f((anRx)s). (7.9) 


For sufficiently large n we have v(a, — 1) < e€ for v € S, which leads to 
f((@nRx)s) € Ui, and (7.9) shows now that F'(z) lies in the closure of Uj. 
Now let Up be any neighbourhood of unity in G, choose another neighbour- 
hood U’ of unity whose closure is contained in Up, and apply the preceding 
argument. This gives the continuity of F’. 

Finally, we prove the uniqueness of F’. Let S’ be the complement of S, 
and for any idele x choose ay € Ip, satisfying (7.8). Then 
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F(z) = F(anz) = F(En)F (mn); 


where €, and 7, are ideles whose components at v € S and uv € S’, respec- 
tively, agree with components of a,x, whereas the remaining components are 
equal to 1. This implies 


F(z) = lim F(&n)F (tm) = lim f(g(anx)), 
because of €,, > 1, and so F' is determined by f. O 


Corollary 1. If S is a finite set of normalized valuations containing Soo; 
and f : G(K;S) —> T is admissible, then the function f, : G(K) — T 
defined by 


otherwise, 


A() = a if l € G(K; 5), 


is a proper Hecke character. Conversely, every proper Hecke character can be 
obtained in this way. 


Proof : If f is admissible, then Theorem 7.4 gives the existence of a character 
X of C(K) satisfying X(x) = f(g(x)) for every idele x = (x,) with x, = 1 
for v € S. This shows that the components X, of X are trivial on U(K,) for 
uv ¢ S, and it is clear that in this case f; coincides with the Hecke character 
induced by X and S. The converse is trivial. O 


A large class of Hecke characters is induced by characters of the groups 
Ay(K): 


Corollary 2. Let x be a character of H7(K), let S' be the set of all normal- 
ized valuations of K which are either Archimedean, or for which the prime 
ideal of R, divides I, and let p : G(K;S) —> H7(K) be the canonical homo- 
morphism. Then the function 


f(D = ao if le G(K;S), 


otherwise, 


is a proper Hecke character, and the character X of C(K) inducing f is of 
finite order. 

Conversely, if X is a character of finite order of C(K), then every Hecke 
character induced by X arises in this way from a character of H}(K) for a 
suitable ideal I. 


Proof : Write I = [J,, p$ and consider the set A of all ideles (x,) satisfying 
u(y —1) < 1/2 for real Archimedean v, and z, = 1 (mod p*%) for p, dividing 
I, Every principal idele x € A is totally positive and congruent to unity 
mod I, hence the principal ideal generated by x lies in the principal class 
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of H7(K), and so we get y(y((tRx)s)) = 1, ie., the composition x o y 
is admissible, and the preceding corollary shows that f is a proper Hecke 
character. 

If X is the character of the idele class-group inducing f, then for any 
idele x = (zy) in A, which additionally satisfies v(z,) = 1 for v ¢ S, we have 
X(x) = f(g(anx)g) for large n, with a, as in (7.8), because the image of f is 
discrete. Since for v outside S the ideals a,xr,R, and a, R, coincide, we get 
f(g(anz)s) = f(g(an)g). Finally we obtain X (x) = 1, because ultimately the 
a,,’s fall into A. This proves the triviality of X on the subgroup A of C(K), 
generated by the image of A. This subgroup has a non-void interior, hence 
is open, and by Corollary to Proposition 6.24 its index is finite. But then X 
must be of a finite order. 

Now assume that X is a character of C(K) having finite order. If X = 
[[,, Xv, then each X, is also of finite order. In particular we must have X, = 1 
for complex v, and either X, = 1, or X,(x) = sgn(z) for real v. If f is a Hecke 
character induced by X, and S is its exceptional set, then it suffices to show 
the existence of an ideal J such that if x is totally positive and x = 1 (mod J) 
holds, then f((zRx)s) = 1. But if for non-Archimedean v in S f, is the 
conductor of X,, then the ideal 


res Tle fa 
VES\Soo 
satisfies our needs. O 


Corollary 3. If N is a positive rational integer, x a character of the group 
G(N) = (Z/NZ)*, and X is the corresponding Dirichlet character, i.e., 


Ke ue mod N) if (n,N)=1, 


otherwise, 


then X is a proper Hecke character. 


Proof : The group G(N) is canonically isomorphic to Hj7(Q) and we may 
apply Corollary 2. 


Later we shall have an opportunity to use the following result: 


Corollary 4. The canonical map yp : G(K;S) —> H7(K), with S as in 
Corollary 2, is induced by a continuous homomorphism F : C(K) —> 
H;(K), trivializing on the image of Ji. 


Proof : The admissibility of y is evident, and this provides the needed map 
F. Since Ji, is topologically isomorphic to the multiplicative group of pos- 
itive reals it cannot have proper open subgroups, and so every continuous 
homomorphism into a finite group must necessarily be trivial. Oo 
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4. We shall establish now a relation between the system of all groups Hj (K) 
and the factor-group C(K)/D(K), where D(K) is, as before, the connected 
component of the unit element of C(K). This relation is of importance in 
the class-field theory, which provides a proof of the fact that the group 
C(K)/D(K) is isomorphic to the Galois group of the maximal Abelian ex- 
tension of K with the Krull topology, in which subgroups corresponding to 
finite extensions of K form a fundamental system of neighbourhoods of the 
unit element. Consider the inverse system consisting of all groups H7(K) 
with maps ty,; : Hj(K) —> H3(K) defined for all pairs I, J with J|I in the 
following way: if X € Hj (K) then choose an ideal A € X, and define t;,;(X) 
to be the class in H}(K) containing A. One sees easily that this definition 
does not depend on the particular choice of the ideal A. Denote by H*#(K) 
the inverse limit of this system. 


Proposition 7.5. (i) A character X of C(K) induces a character of H}(K) 
for some I if and only if X is trivial on D(K). 
(ii) The groups H*(K) and C(K)/D(K) are topologically isomorphic. 


Proof : (i) Corollary 2 to Theorem 7.4 implies that if a character of the group 
C(K)/D(&) induces a character of H}(K), then it must have a finite order, 
and the converse also holds. Therefore it remains to show that a character of 
C(K) is of finite order if and only if it is trivial on D(K), but this is easy. 
Indeed, if X is a character of C(K)/D(K) of finite order, then it maps D(K) 
onto a connected proper subgroup of T, i.e., {1}, and on the other hand, 
Corollary to Theorem 6.25 shows that the group C(K)/D(K) is compact 
and totally disconnected, hence every its character is of finite order. 

(ii) It follows from Theorem IV of Appendix I that the dual group H’ of 
H*(K) is the direct limit of the dual groups of H#(K). The map g, which 
maps every character X of C(K)/D(K) onto an element of H’, determined 
by the set of all characters of Hj (KK) induced by X, is a well-defined homo- 
morphism. The uniqueness assertion of Theorem 7.4 jointly with Corollary 
2 to that theorem shows that g is injective, and its surjectivity is a conse- 
quence of (i). The homomorphism g is trivially continuous since both groups 
are discrete, and it remains to apply the duality theorem. a) 


Now we define the conductor f = f(x) of a Hecke character y defined via 
a quasicharacter X = [],, X, of C(K) with an exceptional set S. For v ¢ Soo 
let fy be the conductor of X,, and put f = [], fo- 


Proposition 7.6. (i) If x € K*, then for the ideal I =xRx we have 


x(I) = { Thves X,(a~') if I has no prime divisor p, with v € S, 
0 otherwise. 


Moreover, if x = 1(mod f), then 
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x(1) = [J] X(2*). 
VE Soo 
(ii) If X is of finite order, x € K* is totally positive and x = 1 (mod f), 
then x(«Rx) = 1. Moreover, if for an ideal f, the congruence x = 1(mod fy) 
implies x(xRx) =1 for totally positive x, then f\f1. 


Proof : (i) If I has a prime divisor p, with v € S, then x(Z) = 0. Otherwise, 
writing J = [],¢5 po” we get 


x1) = [] Xone), 


ves 


where 7, is a generator of py. Since for v ¢ S the quasicharacter X, is 
trivial on units, and for the image x, of x in Ky one has zy = €,79”, thus 
Xy(xy) = Xy(ty)%. Since X is trivial on Ip, we have 


1 =] Xe.) =x) [] Xe), 


ves 


and this gives the first equality. 

To obtain the second observe that since x = 1 (mod f), we have X,(x) = 1 
for non-Archimedean v € S,, and so we may omit the factors corresponding 
to non-Archimedean v’s. 

(ii) Since X, is of finite order, it equals either 1, or sgn z, for Archimedean 
v’s, hence for totally positive x the product [[,<5_, X,(x7") is equal to 1. 

Now assume that f; = |], pv’ is an ideal not dividing f, and having 
the property that for totally positive x satisfying x = 1(mod f,) we have 
x(aRx) = 1. There exists vp such that f,, = py, holds with m > ny, and 
therefore there is an element a € K}, with X,,(a) #1, and a,, congruent to 
unity mod pes Choose a totally positive z € K* with 


z=a (mod pr’), 
x=1 (mod pr’) (vF v0, Polfi), 
z=1 (mod f,) (v#v0,Pvf fr): 
Then x = 1 (mod f;), hence x(#Rx) = 1. On the other hand 
1= X (x) = eae € 8) Il Xy(z) _ Xyp (Ayo) # 1, 
ves 


a contradiction. Oo 


It can be easily verified that in the case covered by Corollary 3 to Theorem 
7.4 this definition of the conductor agrees with the usual one. 
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Our definition of Hecke characters does not formally agree with the clas- 
sical one, due to Hecke, and we are now going to show that the two notions 
actually coincide. This is the content of the next proposition. 


Proposition 7.7. Let f be a non-zero ideal of Rx, let e1,...,€, be a system of 
fundamental units of Ut (K, f) and let ¢ be a generator of the group of all roots 
of unity contained in K, and congruent to unity mod f. For Archimedean v 
choose rational integers n, satisfying 


I] 201, (7.10) 
VE Soo 
and for each non-Archimedean v choose a real number a,, so that 


S > ay log |Fu(€;)| + SS Ny arg Fy (€;) 


v complex 


is an integral rational multiple of 2a for 7 =1,2,...,r. 
If the group H#(K) has cyclic factors of orders hi,...,hs, then choose 
ideals Ji,...,J, whose classes generate these factors, and let y be an arbitrary 


character of H;'(K) extended to a function defined on G(K). For every totally 
positive x € K*, congruent to unity mod f put 


f@= Tiel TT (45) (7.11) 


VES oo v complex 
and define for any ideal of the form I = xJ®.-- J®» (0 <b < hy) 


x(1) = f(a)wh? --- we d(D), (7.12) 


where fori = 1,2,...,8 the numbers w; are arbitrarily fixed h;-th roots of 
f(x), x; being a fixed generator of the principal ideal ge which is totally 
positive and congruent to unity mod f. 

The function x defined by (7.12) -for ideals relatively prime to f and by 
x(1) = 0 for the remaining ideals is a proper Hecke character. Conversely, 
every proper Hecke character is obtainable in this way. 


Proof : First we check that x is well-defined, i.e., it depends only on J and 
not on the choice of z. It suffices to show that for every totally positive 
unit € = 1 (mod f) we have f(e) = 1. Of course, it is enough to do this for 
i OP <a re oe 

Now, (7.10) implies f(¢) = 1 and from (7.11) we obtain 


log f(e;) =1 ye Gy log |Fy(e:)| + > NyLy(ex) (mod 274), 


VES v complex 


where L,(€;) = log(Fy(e;)/|F.(e)|). Our choice of the a,’s implies 
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log f(é;) =0 (mod 2z%), 


and so f(e;) is indeed equal to unity. Put S = S.,U{v: p,|f}, and observe 
that x is an admissible homomorphism of G(K;S). This is accomplished 
by noting that if v(2 — 1) is sufficiently small for v € S, then z is totally 
positive, congruent to 1 mod f, and, for Archimedean v, x, is close to 1. Thus 
x(xRK) = f(x) is by (7.11) close to unity. Now Corollary 1 to Theorem 7.4 
shows that x is indeed a Hecke character. 

To prove the converse let ~ be a Hecke character of conductor f. Take a 
totally positive element x of K*, congruent to 1 mod f, and let A= Rx. If 
now X = |], Xz is the character of the idele class-group inducing x, then 


X ((v)) = x(9((@v)s)) |] Xv(ae), 


ves 


S being the exceptional set of x. Since the value of X at the principal idele 
determined by x equals 1 we obtain 


x(A) = [J X.(@5"). 


ves 


The congruence x = 1 (mod f), and the total positivity of x shows that for 
non-Archimedean v € S we have X,(xy) = 1, and for v € So. we have 


Xo(2e) = les (2) 


for some real a, and rational integral n,, equal to zero in the case of real 
uv. Moreover, for © = ¢,61,...,€, we have x(A) = 1, and this leads to 
(7.10) and the asserted form of a,. Thus, if f(x) is the value of x(A) in 
case of x totally positive and congruent to unity mod f, then it has the 
form given by (7.11). Now let Jj,...,J;, 21,...,2%5 be as in the theorem. 
If J = xJe.. - J’*, with x totally positive and congruent to unity mod 
ie was w= F(x)x( Jy) --- -x(Js)’*, and obviously w; = x(Ji) satisfies 
= f(a;). It remains to observe that 


x(Z) 
f(x)wy 


is a multiplicative function equal to unity on the set of all principal ideals 
having a generator which is totally positive, and congruent to unity mod f. 
But such function must necessarily be a character of Hj‘(K), and so our proof 
is complete. 


(1) = 
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5. Now we introduce zeta-functions associated with Hecke characters. As a 


special case we shall obtain the classical Dirichlet L-functions. For an arbi- 
trary Hecke character y we define the Hecke zeta-function by the formula 


1) 
(8, x) = Sa 


the sum taken over all non-zero ideals of Rx. 


Proposition 7.8. [f x(I) =xi(D)N(I)” with a normalized Hecke character 
X1 and a complex w, then the series defining ¢(s, x) converges absolutely in 
the half-plane o > 1+ Re w, and defines there a regular function. Moreover 
in that half-plane we have 


c(ox) =T] Gaerws): 


and 


¢(s, x) a ¢(s —U, x1). 


Proof : It suffices to observe that the series for ¢(s, x) is majorized by the 
series for Cx (Re (s — w)), and to apply Proposition 7.2 and Lemma 7.1. O 


This proposition shows that it suffices to study the behaviour of Hecke 
zeta-functions for normalized (hence proper) Hecke characters. This is ac- 
complished in the following theorem: 


Theorem 7.9. Let X be a normalized character of C(K) and let x be the 
induced Hecke character with exceptional set S. 
(i) If X =1, then 


¢(s,x) =¢x(s) [J (.- Wey)’ 
VES\Soo We ° 
and so it is meromorphic with a simple pole at s = 1, where it has the residue 
1 
eigen) 
VES\Soo N (po) 


(ii) If X # 1, then C(s,x) can be analytically continued to an entire 
function satisfying the functional equation 


¢(s, x) Il N(D,)? Il pv(Xyv*) = C(1 — 8, X) [[W@)*x(.)), 


vgs ves ves 
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where D, is the different of the extension K,/Q,, and py is the function 
defined on quasicharacters of K* in Theorem 5.46 and Appendiz I. 


Proof : The assertion (i) results immediately from Theorem 7.3, and to prove 
(ii) we shall imitate the proof of that theorem. Consider the function f(z) = 
II, fo(zv), whose components f,, are defined in the following way: 

If v is non-Archimedean and p2” is the conductor of X, the we put 


fo(ty) = Oh if ry € (DypN)-}, 


otherwise, 


where X denotes the standard character of K{. Note that this function 
occurred already in the proof of Theorem 5.46. First let v be real. If 
X, = v(2,)", then we put f,(z,) = exp(—7z?), otherwise we put fy(zv) = 
Ly exp(—mz2). If v is complex, and X, (zy) = (ay/|r_|)%’u(a_)*, then we put 
FG) be exp(—27vu(zv)) if Ny > 0, 
i it x, Xv exp(—2ru(ay)) if Ny < 0. 


These functions appear also in Appendix I in the proof of functional 
equations for zeta-functions in R and C. 

To check that f satisfies the assumptions of Theorem 6.36 we have to 
know the Fourier transforms f,,. Luckily, they were computed in the proofs 
of Theorems 5.46, 7.3 and in the Appendix I, where the following results were 
obtained: 

If v ¢ S, then 


A _ J N(D,)-¥? if yy € Dz}, 
Fol) = a otherwise, 
ifv Ee S\ S. and N, # 0, then 
Faly) =< {N@oyPN (Po) ify =1 (mod pi"), 
ia 0 otherwise, 
ifve S\ S. and N, = 0, then 
2 _ fN(D.)? ify € Ry, 
foe) = {3 otherwise, 


and if v € Soo, then 


& fu(Yu) if v is real and X, = v*», 
ful¥e) =< thelys) if v is real and X, 4 v», , 
iINol f(y) if v is complex. 


Proceeding as in the proof of Theorem 7.3 we find that f indeed satisfies 
the assumptions of Theorem 6.36, and so we may apply it. Let 
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Zu (For) =i fo (av) Xy (ary) (aty)°dytt (a) 


and let first v ¢ S. Then, denoting by 7, a fixed generator of the ideal p,, 
we get 


Zalfors) =f) Xoloe)vle)*aas(e) = 3 HE Oe) 
=o v(My)9 N (py) 9? me 


= Yo Xolt}! M0) jf auste) 


v 


a ND) ss Kult)! N (ps)? 


j=0 


and so 
Zv(fvy 8) = N(Dy)*/?(1 — x(pv) N (pv) 7°)? (7.13) 


holds for v ¢ S. 
Proceeding in the same way we obtain for 


Zu(fnt—s)= | fal) Xu(ano(w)!*awetu) 


the following equalities 


Zolfost—s)= ND) SS ft aie 


N(Dy)-? SD N(p)-3- (9)! iO 


j=-—m U(Ky) 


= (Ds) Nps)" OX). OS Xo GaN re) 
where we put D, = p"’, and so 
Bil fos 1—s) = N(Dy) *x(Dv)(1 - X(t) N (py)? 1). (7.14) 


For the zeta-function Z(f,s) of f we obtain, in view of (7.13), 


Z(f,8) = [J Z0(fo,8) = 6(s,x) [] M(B)? TY 2e(fo, 8) 


veéS ves 


and, similarly, for the zeta-function Z(f,1—s) (7.14) leads to 
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Z(f,1 — 8) =F Ahs1 = 8) 
Uv 
= ((1— 8, xX) Il N(Dy)*x(Dv) Il Zsthas 1—s). 
ves ves 


Now we may use Theorem 5.46 for non-Archimedean v, and Theorem VII 
of Appendix I for Archimedean v to obtain for v € S 


Zu( fo 8) = pu(Xvv") Zu (fo, 13); 


and this together with the preceding two equalities proves the theorem. UO 


For later use we write now explicitly the zeta-function Z(f,s) occurring 
in the proof of the last theorem: 


Proposition 7.10. If f is the function used in the proof of the theorem then 
Z(f,8) = ¢(s,x)|d(K)|"*/? Py, Po Ps Pa, 


where 
Pi Il T0(Xy)N (foDv)*N (fo) 7 (1 — ICE) a ae 
fot 


I] 4." -N(p.)*)7, 


Pa = I r (: + = *) qe HSE ND) 2 


v real 


P2 


II 


and IN, 
Pos [for (s + tty +S" ) (ryote SNe 2: 


v complex 


Here f, denotes the conductor of Xy, and the numbers t, and N, are deter- 
mined for v € Soo from 


£ Nu 
XxX. Sas y ity 
oles) = (25) o(eyy, 
with Ny, € Z for complex v, and Ny € {0,1} for real v. 
Proof : Combine the expressions for Z,(fy, s) given in Proposition 5.45 and 


(7.13) for non-Archimedean v, and for v Archimedean use the results of Ap- 
pendix I. O 
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6. Now we introduce primitive Hecke characters. This will enable us to put 
the results in a convenient form. 

It is clear that the same quasicharacter of C'(’) defines several distinct 
Hecke characters with the help of distinct exceptional sets S. If S' is chosen to 
be as small as possible, in which case it consists of all Archimedean valuations, 
and of those non-Archimedean v’s for which X, is non-trivial on the group of 
units, then the resulting character is called a primitive Hecke character. To 
every Hecke character there corresponds a unique primitive character induced 
by the same quasicharacter and having the smallest possible exceptional set. 
It is evident that for almost all prime ideals p the p-parts of these two Hecke 
characters coincide. 

We establish now the connection between this notion of primitivity and 
the usual notion of primitivity for Dirichlet characters. Note first that distinct 
Dirichlet characters, say x1, defined mod m and x2, defined mod n, may be 
used to define the same Hecke character .(xZ) in the case when m and n 
have the same prime divisors and there is a number r|(m,n), having the same 
prime divisors and a character y3, defined mod r such that 


x3(fi(z)) = xi(z), xa(fe(y)) = x2(y) 


holds for x € G(m), y € G(n), with fi, fo being the canonical homomor- 
phisms of G(m) and G(n) onto G(r). Clearly enough, this is the only case in 
which the equality of Hecke characters may arise. 


Proposition 7.11. If X is a primitive Hecke character induced by a Dirichlet 
character x mod m, then there exists a primitive character w mod n, with 
a certain n dividing m, which also induces X. Conversely, every primitive 
Dirichlet character induces a primitive Hecke character. 


Proof : If x mod m induces X, then the conductor of x equals that of X, as 
was already observed after Proposition 7.7. If Xo is the primitive character 
associated with X, and w is the primitive Dirichlet character associated with 
x and having the conductor n|m, then w induces Xo. The converse is imme- 
diate. O 


If x, x1 are Hecke characters induced by the same quasicharacter of C(K), 
x1 is primitive and S, S; are the corresponding exceptional sets, then 


i an ely =f x(Pv) 
¢( Pe) C( ay (1 Hee) % (7.15) 


and so the properties of ¢(s,y) may be obtained from the corresponding 
properties of ¢(s,x1). This allows us to restrict our attention to primitive 
Hecke characters. 
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Now we can obtain the functional equation for the zeta-function of any 
primitive and normalized Hecke character x. Denote by f its conductor and 
let X =[],, Xv be the character of C(K) inducing x. Let f, be the conductor 
of X, for v ¢ Sx, and for v € S. write 


X, (ay) = er N= Do Ns T= >> ty. 


v complex 


Proposition 7.12. Under the above assumptions and notation we have the 
following functional equation for C(s, x): 
C(s, x) . No n(s 1/2)9 2re(s—1/2) aK) ANG 


T((Ny + 8 + ity)/2) 
x [](%) I I((Ny + 1-8 — ity)/2) 


Polf v real 


I(|Ny|/2 + s + ity) 
x ; Alls I'(|Ny|/2 + 1 — 8 — ity) 
= || x(D.)¢ - s,X). 


v€gS 


Proof : Apply Theorem 7.9, using Theorem 5.46 and Theorem VII of Ap- 
pendix I, which give an explicit form of p,, remembering that for normalized 
characters we have }°,, t, = 0. Oo 


Corollary. If x is a Hecke character induced by a character of some group 
H; of conductor f, then for its zeta-function we have 


C(s, x)i Ny n(s 1/2)9 2ro(s 1/2) q(K)|°- 1/2. N (fe? 
Tos) (Rae) 


bolf 
(Eat 8)/2\"-F (_(s)_\ 
(Rasa) (raes) 
= ¢(1—s,x) [[ x(2), 


Potf 


B being the number of real v’s with X, = 1. 


Proof : Since by Corollary 2 to Theorem 7.4 the characters X, are of finite 
order, we can apply the last Proposition with t, = 0 for all v’s and N, = 0 
for complex v’s. O 


Sometimes the following, slightly less precise, form of the functional equa- 
tion is sufficient for applications: 
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Corollary 1. Under the assumptions of the proposition 7.12 one has 
C(s, x) =W(x)¢(1 = Be oer) 


v real ¥ v 


Il I'(|Ny|/2+1—s8 — ity) 


“TON 2+e+H) 2 8) 


v complex 


where |W(x)| = 1. 


Proof : To prove this equality apply the preceding proposition, remembering 
that by Proposition 5.47 (iii) the product 


Il To(Xv) 


Polf 


is of absolute value ,/N(f). O 


Corollary 2. Let f be a primitive Dirichlet character mod N and let x be 
the corresponding Hecke character. Assume N > 1 and write N = [J;_, pi" 
with all a;’s positive. Then the function defined for o > 1 by 


extends to an integral function, satisfying the functional equation 
L(s,x)N°-/?1(s/2)n-*? = W(x) L(A — 8, X)P((1 — 8)/2)n9?, 
if f is even, i.e, f(—1) =1, and 
L(s,x)N°-¥/?P((1 + 8)/2)n-OF9)/? = W(x) L(1— 8, X)P'((2—8)/2)n 0-9”, 


if f is odd. Here W(x) is a compler number of absolute value 1. O 


7. Now we work out some evaluations of zeta-functions, which will find ap- 
plications in subsequent sections. 


Theorem 7.13. Let x be a normalized primitive Hecke character induced by 
a character of H;, where f is the conductor of x. Write D = |d(K)|N(f) and 
leta <0 and b=1-—a be real numbers. Then in the regiona<o < 8, |t| > 2 
one has 

Ic(s,x)] « [e|/2-, 


with n = [K : Q|, and the implied constant depending on a and f. 


Proof : A lemma is needed first. 
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Lemma 7.14. Under the assumptions of the theorem we have in every fixed 
region cy <a < ¢e, |t| > cs > 0 the equality 


Cx(s) 


C(8,x) = Wi(x)¢(1 — 8, xX) (f)/P> "‘t(l—5) (1 (1 + O(exp(—ca|tl)), 


s) 


with cs > 0 and |W, (x)| = 1. The implied constant depends only on cx, C2 
and c3. 


Proof : Equality (7.16) implies in our case 


OSX) tp py gs piace ( A= 8)/2)\" 
Rica = Woomene (Te) 


(Ea =8)/2)\"" (a= s)\" 
(Rasy) ( T'(s) ) 
: yas (__T((2=s)/2)1(s/2)_\"~” 
= wenn (ETO TA) 
_OK(s) _ 
* Cic(I— 8)’ 
where a = n(s — 1/2), 8 = 2re(s — 1/2), and B is as in the Corollary to 
Proposition 7.12. 
But I'(z)P(1 — z) = 7/sin(zz), and so we get 
I'((2 — s)/2)I'(s/2) = cos(ms/2) 
P((1— s)/2)P((1+s)/2) — sin(ws/2) 
= .exp(msi/2) + exp(—7si/2) a = + exp(zsi) 
exp(msi/2) — exp(—7si/2) 1 — exp(zsi) 
= —i + O(exp(—a|¢|)), 


proving the lemma. O 


To deduce the theorem consider the function 


f(s) =¢(s,x)so-) 


in the region {s: a<oa <b, |t| > 2}. Our aim is to show that f is bounded in 
that region, and to do this we use the Phragmén-Lindel6f theorem, applying 
it to both components of our region. It clearly suffices to consider only s in 
B={s: a<o<b,t > 2}, since the general case will follow if we replace 
our zeta-function by the zeta-function attached to ¥. So we have to prove 
first 

If (s)| < exp(ct) (7.17) 


for a certain c and all s € =, and then 


340 7. Analytical Methods 


If(s)| <1 (7.18) 


fors=a+it and s=b-+ it (t > 2). 
To obtain (7.17) note that Proposition 7.10 and the last part of Theorem 
6.36 imply the following evaluation, holding for all s in ©: 


C(s, x) «K Vid(K)IN (2? T] N(Dv)-? 1 — Np) 
Polf 
x m™2™ |P(3/2)- FE ((1 + 8)/2)P (8), 


where m = 0 B/24+ (1+0)(r1 — B)/24+ (0 —1)re and m, = (a — 1)rg. One 
has only to remember that all functions 


IP(s)I*, [P(A = 8)/2)/™, [P(2 — 8)/2)|7* 


are O(exp(ct)) with some c > 0. Indeed, more precise evaluations of the 
gamma-function are provided by 


|t!?-"/? exp(—n|t|/2) « |L'(s)| < |é/?-"/? exp(—a|t|/2). (7.19) 


They will be useful in the proof of (7.18). 
For s = b+ it we get, by Corollary 3 to Proposition 7.2, the bound 


(e01= 1 Ruy 31 < ¢x(b) < Cold). 


In view of |s|"(°-1/2) < 1 this gives f(s) = O(1) on the line o = b. 
To obtain the same assertion for o = a write, using Lemma 7.14, 


C(a + it, x) 
_ wipe 1/2-a-it GK (a + it) 
= Wy (x)¢(b — it, x) N(f)/ ee iy + O(exp(—cat))), 


and apply Theorem 7.3 (and its notation) to get 


Cx(a tit) 4i-aasity ( I((0 = #4)/2)\" (PO -it)\” 
Cx (b— it) al (rer) Can) 


This leads, in view of (7.19) to 
I¢(a + it, x) « eC?" 


and the bound (7.18) follows. By the theorem of Phragmén-Lindeléf the func- 
tion f is bounded throughout =. O 
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8. We conclude this section with the proof of a result concerning the zeros 
of ¢(s,x), which will be very useful in the next section, dealing with the 
distribution of prime ideals. 


Theorem 7.15. If x(I) = xi1(1)N(1)” is an arbitrary Hecke character, and 
x1 is the corresponding normalized character, then the zeta-function C(s, x) 
does not vanish in the closed half-plane o > 1+ Rew. In particular, if x is 
proper (i.e., Re w = 0), then C(s,x) £0 foro > 1. 


Proof : By Proposition 7.8 we may assume that x is normalized, i.e. w = 0. 
For o > 1 the assertion follows from the non-vanishing of the Euler product of 
our zeta-function. So let us assume that 1+ 7t is a zero of C(s, x), and exclude 
for the moment the case, when ¢ = 0 and x is a real character. Denote by xo 
the character with the same exceptional set S as x, generated by the trivial 
character of C(K). In the open half-plane o > 1 we may write 


¢(s,x0) =exp | D> og 7 NG) | , 


v€¢S j=l 


C(s,x) =exp | 92 S257? x(po)N (po) | , 


v€S j=l 
and 
¢(s, x”) = exp yx (py) N (pu)? 
v€S j=l 
Now, the series 
Sy dr foi bay 
vES j=2 


with f equal to 1, y, or x” is absolutely and uniformly convergent in the 
closed half-plane o > 1/2+ for every fixed positive e, and so it defines there 
a regular function. Indeed, it is majorized by 


>>) =o (NG)? - Np)?" 


p j=2 p 


< [K :Q)>-(p? - pv’), 


and the last series is evidently convergent uniformly in o > 1/2 + €. We can 


thus write 
¢(s, xo) =Ho(s)90(s), 
C(s, x) =Hi(s)91(s), 
¢(s, x”) =Ha(s)92(s), 
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where go, 91, 92 are regular and non-vanishing in the open half-plane o > 1/2 
and 


H;(s) = exp SO filPv)N (pv) ) 
vgS 


where fo = xo, fi = x and fz = 
Let 1+ itp be a zero of C(s is with t # 0 and consider the function 
F(o) = H3(c)Hi(o + ito)Ho(o + 2ito). We assert 


iim F(o + ito) =0. (7.20) 
Indeed, H)(1+ito) = 0 implies that H,(o0+%to)/(o—1) tends to a finite limit, 
say @, as o approaches 1. Theorem 7.9 (i) shows that Ho(s) has a simple pole 
at s = 1, and so Ho(o)(o — 1) tends to a finite limit, say b, when o tends to 


1. Finally H2(s) is regular at s = 1 + 2ito, because otherwise we would have 
x? = xo and t = 0, the case which we excluded for the time being. But 


F(o + ito) = H§(c)(o — 1)? Hi (o + ito)(o — 1)4Ha(o 4 2ito)(o — 1), 
and therefore 
és . _ 3,4 . : = = 
iim F(o + tito) = a°b* Ho(1 + 2ito) lim (¢ 1) =0, 


settling (7.20). On the other hand, we have 


F(o + ito) = exp NRE Tyo B+ 4x(Be)N (Po) + x7 (Po)N (Pu) 7) J 
vgs 


and the absolute value of the last expression equals 


exp » ena + 4Re (x(pv)N (py) 7) + Re (x2(pv)N (py) 72) 
Putting cos6, = Re (x(pv)N (py), we obtain 


' 3+ 4cos 6, + cos 26, 
F(o + ito)| =ex wo 


1 6) 
= exp 2S, (Cs ae > 1, 
gs N(pv 


contradicting (7.20). 

It remains to prove our theorem in the case when x is real and to = 0. Of 
course, only the case v # Xo is of interest, since ¢(s, 9) has a pole at s = 1. 
Assume thus x # xo and ¢(1, y) = 0. In this case we can write for ¢ > 1 
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G(s, x)¢(8; Xo) = exp G(x; 8); 


114+ x(p,y 
608) = DR 


v€S j=l 


where 


The assumption x = Xo shows that x. assumes only the values 0, 1 and —1, 
and thus 1+ x(py)? > 0. Moreover, if s > 1/2 then for every fixed T we have 


- = 11+ X(Po)? S > 
ae og NG N eG N(po)?*” 
N(py)<T 7 N(DO)ST 
and with a suitable choice of T and s > 1/2 we can make the right-hand side 
arbitrarily large by Proposition 7.2 and Theorem 7.3. This shows that the 
series defining G(x, s) cannot converge at s = 1/2. Observe now that this 
series is a Dirichlet series with non-negative coefficients, and so Theorem II 
of Appendix II shows that G(x, s) must have a singularity on the real interval 
[1/2, 1]. Since G(x, s) is non-negative on this interval, the function exp G(x, s) 
must also have there a singularity. The only possible point where this may 
happen is s = 1, but ¢(s, yo) has a simple pole there, and ¢(s, x) has a zero, 
implying that exp G(y, s).is regular at s = 1, which gives a contradiction. O 


Corollary. Dedekind’s zeta-function Cx and Dirichlet’s L-functions do not 
vanish on the linea = 1. O 


7.2. Asymptotic Distribution of Ideals 
and Prime Ideals 


1. We are now going to apply the analytical results obtained in the preceding 
section to the problem of distribution of ideals and prime ideals. We shall also 
use various results concerning Dirichlet series, including a Tauberian theorem 
of Ikehara-Delange, an account of which may be found in Appendix II, and 
also the method of complex integration. 

To avoid endless repetitions we adopt the following convention in the 
sequel: as in the preceding chapter we shall write the complex variable s in the 
form s = 0 + it, by g(s) (with, or without indices) we shall denote functions 
regular in the closed half-plane o > 1, not always the same even in the same 
chain of formulas. (So we will write, for example, 7°+1/s = 2°+g9(s) = g(s).) 
If S a subset of the set of all normalized valuations of an algebraic number 
field K, then we shall write p € S, to mean p = fy, v € S. If A is a set of 
prime ideals and for o > 1 we have 


1 
a way = alog —— + 9(s) 


pea 
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with a certain real a, then we say that A is a regular set of prime ideals, and 
call a its Dirichlet density. Sometimes it is convenient to speak about the 
Dirichlet density of non-regular sets as well. We shall say that such set A has 
density a if the quotient 


So N(p)? | : («toe 3) 


pea 


tends to unity as s > 1 approaches 1 through real values. The existence of 
important regular sets will be demonstrated later on. Finally, the symbols 
ip Xp Will denote sums taken over all non-zero ideals, and non-zero prime 
ideals of Rx, respectively. The letter p will always denote a prime ideal. 
Almost everything which follows is based on the following assertion: 


Proposition 7.16. If x is a normalized Hecke character, and S is its excep- 
tional set, then foro > 1 we have 


)= Ean = = 200 + as), 


and 


Y x(P)N(p)"* = BGO og + 418), 
p 


where 


a(x) = nT] (1-5 Nay)? BOO=2 


pes 
if x is the trivial character, and 
a(x) = B(x) = 0 
otherwise. 
Proof : The first equality is an immediate consequence of Theorem 7.9, since 


in view of Theorem 7.3 the residue of ¢x(s) at s = 1 equals hx. To prove the 
second equality write for 0 > 1 


Glesx) = Gle)exp | > EE |, 


pgs 


where 


1 
G(s) =e | 2 AO 


pgS j=2 


is regular and non-vanishing for o > 1/2. This leads to 
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S> x(p)N (p)~* = log ¢(s, x) — log G(s) = log ¢(s, x) + 9(s), 
p 


and the right-hand side of this equality is, by Theorem 7.15, regular for a > 1, 
with the exception of s = 1 in the case of trivial y. In this exceptional case 
we have, by Theorems 7.9 and 7.15, the equality 


g(s) 
s—1? 


¢(8,x) = 


with g(s) not vanishing on the line o = 1. Taking logarithms we arrive at the 
second asserted equality. Oo 


Corollary 1. The set of all prime ideals of Rx is regular, and its Dirichlet 
density equals 1. O 


Corollary 2. The set A of all prime ideals of Rx having degree 1 over Q is 
regular, and its Dirichlet density equals 1. 


Proof : For g > 1 we have 
agen ne Gr 
cea)? NG) a NY 


and the series }°,.¢4 N(p)~° is majorized by 


[K : acy pro’? 


p k= 2 P 
converging uniformly in the half-plane o > 3/4, and so the proposition implies 


ear OE og + g(s). Oo 


pea 


Corollary 3. If L/K is a finite extension, and A is the set of all prime ideals 
of Ry of degree 1 over K, then A is regular, and its Dirichlet density equals 
1. 


Proof : Let B be the set of all prime ideals of Ry of degree 1 over Q. Clearly 


BCA, and 
> = 9(s), 
eae TF 


this series being a subseries of a p N(p)~*, which, as we have just seen, 
converges uniformly for Re s > 3/4. Hence, using Corollary 2, we obtain our 
assertion. Oo 
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The next corollary provides another proof of Theorem 4.37: 


Corollary 4. Let L/K be a normal extension of degree N, and let A be the 
set of all prime ideals of Rx which split in L/K, t.e., which become products 
of N distinct prime ideals of the first degree in L. Then A is regular and its 
Dirichlet density is 1/N. 


Proof : Since L/K is normal, a prime ideal of Rx splits in L/K if and only 
if it has at least one unramified prime divisor of first degree in L. Hence 


Nor NL Way 


the sum )>* taken over all unramified prime ideals of Ry with f, /K(B) = 1. 
Since the number of ramified prime ideals is finite, the preceding corollary 
gives 


1 1 1 
Derry. — w lS 5] + g(s). O 


Corollary 5. If L/K is of degree N > 2, then there exist infinitely many 
prime ideals of R~ which do not split in L/K. If, moreover, L/K is normal, 
then such ideals form a regular set of Dirichlet density 1—1/N. 


Proof : If L/K is normal, then the assertion follows from Corollaries 1 and 
4. If L/K is not normal, and L = L,...,L, are all conjugates of L over K, 
then their composite field M is normal over K. If p splits in L/K. then by 
Corollary to Theorem 5.11 it splits also in M/K, hence we may apply the 
part already proved. O 


It should be noted that one cannot replace the words ”do not split” in the 
last corollary by ”remain prime”, even in the case K = Q. Indeed, if K = Q, 
L = Q(¢g), then Theorem 4.40 shows that if an odd prime would generate a 
prime ideal of R,, then it would be a primitive root mod 8, but there are no 
such primitive roots at all, and the prime 2 does not remain prime already 
in Q(z) C Q(¢s). Later we shall prove (see Corollary 2 to Theorem 7.29) that 
a similar situation arises for every normal non-cyclic extension. 


Corollary 6. If I is a non-zero ideal of Rx and X € H7(K), then the set 
of all prime ideals lying in X is regular, and has 1/h7(K) for its density. 


Proof : Let ¥ be the set of all characters of Gj(A). By the orthogonality of 
characters in finite Abelian groups we obtain for a > 1 the equality 


x (Pp) 
Dr rie oP lel Dips 


pEex 
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Since every character of H7(K) can be considered as a Hecke character, 
Proposition 7.16 implies our assertion. im 


Corollary 7. In every class of Hj (K) there are infinitely many prime ideals 
of the first degree. 


Proof : Apply Corollary 6 and note that by Corollary 2 every set of prime 
ideals of degree > 2 is regular and has density zero. O 


Note that in the special case K = Q the last corollary coincides with 
Dirichlet’s prime number theorem in its qualitative form. 


2. Now we turn to quantitative results. 


Proposition 7.17. (i) If x is a normalized Hecke character, then 


So xD) = (a(x) + o(1))a, 


N(I)<a 


and 


do x(P) = (B00) + o(1)) 


cao 
N(p)S@ log 


where a(x) and B(x) are defined in Proposition 7.16. 
(ii) If A is a regular set of prime ideals, c is its density and 


A(z)= So 1, 
pea 
N(p)<a@ 
then £ 
A(x) = (e+ errs 


Proof : Part (i) in the case of trivial x, and part (ii) in the case c £ 0 result 
immediately from Theorem I of Appendix II and Proposition 7.16. 
If the character y is non-trivial, put 


Om= > 1, bm =2amt+ S> (x1) +X(D) 20. 


N(I)=m N(I)=m 
Proposition 7.16 shows that for o > 1 we have 


2ht 


ae as 9(s), 


So Oe = Ciel) + ole.x) +6(6.x) 


m=1 


and so Theorem I of Appendix IT implies 
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> bm = (2hK + o(1))z. 


m<uz 


The same theorem implies also 


2 > Gm = (2hK + o(1))z, 


m<uz 
thus 
YS (x) + X() = o(2), 
N(I)<a 
leading to 


Re | SY) x(Z)} =o(2). 


N(I)<a 
Considering the sequence 
Cm = 2am —% D> (x(Z) —x(Z)) 
N(1)<2 
we obtain in the same way 


Im > x(1) = o(x), 


N(I)<a 


and the first assertion of (i) follows. The second follows by the same argument, 
in which ¢x (s) is replaced by >), N(p)~°. 

Finally, to prove (ii) in the case c = 0 observe that Corollary 4 to Proposi- 
tion 7.16 implies that for every « > 0 there exists a regular set of prime ideals 
A, with a positive density smaller that «. Applying (ii) (already proved for 
c > 0) to the set AU A, we get 


A(x) < (e+ o(1) —, 


log x 
Le., 
A(x) log x 
lim sup Ae oee <6, 
200 x 
and since € may be arbitrarily small, we get our assertion. O 


Corollary 1. (The Prime Ideal Theorem). If 7x (x) denotes the number of 
prime ideals of Rx with norms not exceeding x, then 


n(x) = (1 +0()) Gey o 


Corollary 2. If m,(x) denotes the number of prime ideals of Rx of first 
degree with norms not exceeding x, then 
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nie(e) = (1+ o(l))iopa o 


Corollary 3. If L/K is a normal extension of degree N, and Az/x(x) de- 
notes the number of prime ideals of Rx splitting in L/K, and having norms 
not exceeding x, then 


Az/x(2) = & a - o(l)) es ie Oo 


Corollary 4. (The Prime Ideal Theorem for ideal classes). If X is a class 
in H7(K), and mx(x) denotes the number of prime ideals in X with norms 
not exceeding x, then 


rx (a) = sas + o(1)) eae Oo 


(For K = Q this gives the quantitative form of Dirichlet’s prime number 
theorem in its weak form, i.e., without any evaluation of the error term.) 


Our next results concern the number of ideals with bounded norms. 
Theorem 7.18. If I is an ideal in Rx, X is a class of H}(K), and Mx(z) 
is the number of ideals in X with norms not exceeding x, then 


_ (_9(Dak 
Mx(s) => Gant. + o(t)) x. 


Proof : We proceed in the same manner as in the proof of Corollary 6 to 
Proposition 7.16 and write ¥ for the set of all characters of H7(K). If Fx(m) 
is the number of ideals of X with norm m, then for 0 > 1 we get by Propo- 
sition 7.16 the equality 


“Fx (m) _ | x(X 
= NT/T\s  LX*/E7\ ¢ 8, 
Sar a N(D*  hx(K) 2x )6(8,x) 


ht 1 1 
= ROH (- wy) saa +00 


_— AKy(J) 1 
= (KN) sai 1 9) 
and we may apply the Tauberian theorem of Appendix II. O 


Corollary. (Ideal Theorem) If M(x) is the number of ideals of Rx with 
norms bounded by x, then 
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M(a) = (hk 4+ o(1))a. 


Proof : Apply the theorem in the case J = Rx, and sum the obtained equal- 
ities over all classes X of H*(K). Oo 


This corollary can be also deduced directly from Theorem 7.3 with the 
use of the tauberian theorem. 


In the same manner one can obtain evaluations of the number of prime 
ideals, or ideals with norms < z, having certain prescribed properties. Here 
we prove only one such result: 


Proposition 7.19. Let K be a normal extension of the rationals of degree 
N, and denote by F(x) the number of integers n < x which are norms of 
ideals of Rx. Then 


F(a) = (C + 0(1))x(log x)¢7N)/N , 
where C = C(K) ts positive. 
Proof : Let A = Nx /g(Rx), and for 7 = 1,2,...,.N denote by P; the set of 
those rational primes whose jth power is the norm of a prime ideal in Rx. 
If m € A, then a prime p € P; can occur in the factorization of m only with 


an exponent divisible by 7. The normality of K/Q implies that, conversely, 
every m satisfying this demand lies in A. This shows that for 0 > 1 we have 


Le 1 1 1 
Y wT (++ get) -eeee| DS). 


meA J=1 pe P; pePy 


where 


= ae ee 1 1 
G(s) = exp Den Da sae TL TT @+s2+ a+"): 


j=2 pePr j=2 peP; 


Obviously G(s) is regular in Re s > 1 and G(1) 4 0. Since P, differs only by 
a finite set of primes from the set of primes splitting in K/Q, Corollary 4 to 
Proposition 7.16 implies 


1 1 1 
S> eo ON egal + 9(s), 


which gives 
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with g(1) # 0. An application of the tauberian theorem leads now to the 
required result. Oo 


This proposition has an immediate application to the theory of quadratic 
forms: 


Corollary. Let K = Q(VD) with a square-free D, assume that the class- 
number h(K) equals 1, and let 


x2 _ py? if D = 2,3 (mod 4), 
F(X,Y) = cee D=ly2 if D=1(mod 4). 


Denote by f(x) the number of natural numbers n < x which can be represented 
in the form n = +F (a,b) with rational integral a,b. Then there exists a 
positive constant C = C(K) such that 


f(z) =(C+ oN) Faas 


Proof : Since h(K) = 1, every natural number which is the norm of an ideal 
of Rx is also the absolute value of the norm of a suitable integer of K. 
Since the norms of integers are of the form +F'(a,b) it suffices to apply the 
proposition. 


3. The results obtained in the preceding subsection do not tell us anything 
about the size of the remainder terms in asymptotical formulas. Now we shall 
show that in the case of the Prime Ideal Theorem and its analogue for ideal 
classes this size is intimately connected with the zero-free region of ¢(s, x). 
To state this result we shall need the integral logarithm liz defined by 


dt 
lig= — — -1.0 
0 leet igi> agi 


Theorem 7.20. Let I be a fixed ideal from Rx, X a class of H7(K), and Z; 
the set of all function ¢(s, x) associated with characters of Hj (K). Moreover, 
fizxa,b>0, A> 0, to > e€ and €9 > 0 and let 2 be the union of the sets 


{s: |t] > to, > 1 — A(log |t])~*(log log |¢|)~°} 
and 
{o+it: |t| <to,o > 1 — A(log |to|)~7 (log log |to|)~°, |s — 1] > eo}. 
If no function ¢(s, x) € Zr vanishes in 2, and for s € Q one has 


¢'(s, x) 


M 
Foy <los™ (te), 
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with a positive M, then 


Tx (x) = liz + O(2 exp(—B log” x(log log x)”)), 


a ) 
where B is a positive constant, u=1/(1+ a) and v = 6/(1+a). 


Proof : Put 
S(a)= S> bgn@), Ta) = o log Wp) og (55 na) 
cca Wen 


We shall reduce our problem to the determination of the behaviour of T(z) 
as x tends to infinity, and this will be approached by the method of complex 
integration. 


Lemma 7.21. Assume that for x tending to infinity we have an equality of 
the form 
S(z) = ax + O(R(z)), 


where a > 0, and R(x) is a positive function such that for x > xo the ratio 
R(a)/log? x is increasing. Then 


tx(z) =aliz +O (Se) ; 


Proof : We begin with a modified form of partial summation. Consider the 
difference S'(x)/ log «—7x (zx) which also may be written in a slightly artificial 
form as 


S()_ yx log N(p) 
log x a log N(p) 


pex 
Nise 


a log N(p) (ae- enw) 


pex 
N(p)<@ 


= df 1 = ie aml 
= log N(p) = ( — a= [soz (iq) 
y I ale (cr) 2 OF logt 


N(p)<e 


The validity of the last equality can be verified as follows: order the prime 
ideals p € X with N(p) <x so that i < j implies N(p;) < N(p;), and observe 
that 
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x d 1 
log N(p)— (=) a 
d i dt \ logt 
N(p:) 
7 3 log N(p;) . _,) dt = (ogi) 


i> 
N(pj)So@ t 


De ‘on Y tem) (sags) 


N(pi-1) j<i-l 


if d 1 
= — {—— }d 
i SOG (a) : 
This shows that 


S(x) a d 1 
= Es ops dt 
™x (2) log x [ ou dt (a) Be 
and applying our assumption about S(x) we get 
x R(z) ed 1 
= s nai eee 
TE) Org +0( 72) [ nt (ea) 2 


+0 UE Re! S (aaa) at ar) 


Integrating the integral 
| ras (2) dt 
2 dt \logt 


by parts, and evaluating the last terms by O(R(«)/log x) + O(1) we obtain 
the assertion of the lemma. O 


N(ps )<a 


Our second step consists in the reduction of the problem of asymptotic 
behaviour of S(z) to that of T(z): 


Lemma 7.22. If with a certain positive c and non-negative c1,c2, satisfying 
C1 + C2 > 0 we have 
T(x) =ax+O(Ri(z)), 
where 
R(x) = O(a exp(—clog™ x(log log x)*)), 
then the same evaluation holds for S(x) as well, perhaps with a smaller value 


of c. 


Proof : Let 6 = 6(x) = exp(—(log®/? «(log log x)/*)), and consider the 
difference A(x) = T((1 + 6)x) — T(z). It equals 
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S(z)log(1+6)+ S$) log N(p)log ( 


pex 
2<N(p)<(1+d)a 


(1+6)zx 
N(p) ) 


and since the second summand here is non-negative, we obtain 


T((1+ 6)z) — T(z) 
log(1 + 6) : 


On the other hand A(z) can be written as 


S(x) < (7.21) 


log(1+6)S((1+5)2)+ = > los N(@)I08 (serpy) 


pEex 
2<N(p)<(1+5)x 


and since the second summand is non-negative, we obtain, replacing x by 
z/(1+ 4), 


T(x) — T(x(1+6)) 
log(1 + 6) , 
Applying to (7.21) and (7.22) our assumption about T(x) we get 
ad Ri(x) 
eS ———~ ] < 
(1+ d)loga +a” *° (cet re 5) =n@) 
ad Ri (dz) 
eek peraee ace | 
~ log(1+ 5)" ae e +6) 
Since lim,-,.. 6(x) = 0, we obtain immediately the evaluation 


S(x) = ax + O(267) + O(Ri(x)/5) + O(6z), 


S(x) > (7.22) 


and our choice of 6 implies that the three remainder terms occurring here are 
O(a exp(—c' log «(log log x)°?)) with a suitable constant c’ > 0. O 


We are thus left with the task of evaluation T(x) with a good remainder 
term, and here we shall resort to complex integration. Define a function 
K(s) = Kx(s) for o > 1 by putting 


log N(p) 
K(s) = Se arR rae 
)= 2 Ne) 


Its relevance to our problem is explained by the first part of the following 
lemma: 


Lemma 7.23. (i) If Iz denotes the vertical line o = 2, then 


zr 


T(x) = maf K(s) 44s. 
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(ii) The function K(s) is regular for o > 1, and can be continued analyt- 
ically to the region 2, where it is regular except for a simple pole at s = 1. 
Moreover one has 


K(s) = O(| log™ (|¢|)) for sé€,\t| >a, 


where €, is an arbitrarily fixed positive number. 


Proof : To prove (i) observe first that for positive real € we have 


S ds Qrilogé if € >1, 
at bo f0<€<1, 


Therefore 


[ xo; Sas= Soe) | (sete =) $ — = 2niT (sx), 


pex 


the interchange of summation and integration being allowed by the uniform 
convergence of the series 
s- log N(p) 
2 
dex SN (p)° 
to a function integrable along Io. 
To obtain (ii) write for 0 > 1 


log N 
KS) = Fy ONO st a 


where xy runs over all characters of Hj (A). In the same half-plane we have 
also for every character x 


ses ae x! (p) 
¢(s, x) = exp : ‘lode ; 


which easily implies the equality 


¢'(s, x) i575 ewe Ny) (p) log N(p) 

6(8,x), ae ANI * 
where the last term is regular and bounded in 92. This fact in conjunction 
with (7.23) leads to the equality 


K(s)=-7 aR) 5 oe RX)S ao e+ Gl) (7.24) 
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where G(s) is regular and bounded in 2. This gives the required continuation 
of K(s) to 2, and the asserted evaluation is a consequence of the assumptions 
of Theorem 7.20. Oo 


Now let IT’ > to be a positive number, whose exact value will be fixed 
later, put ¢(t) = Alog™' |t|(log log |t|)~° and consider the boundary I of the 
set 

{er pe Do 2, tT}, 


which can be written as [= Wes I;, where 


Ip ={2+ ti: |t| < Th, 
TM ={o+Ti: 1-¢(T) <o < 2}, 
Ig = {1-(t) + ti: T > |t| > to}, 
T3 = {1— b(to) + it: |t| < to}, 
and I4, Is are symmetrical images of I>, I, with respect to the real axis. 
We prove now that the integral occurring in Lemma 7.23 (i) is for large 


T well approximated by the integral of K(s)x*°/s? over I, and to deal with 
that integral we utilize Cauchy’s theorem. 


Lemma 7.24. We have 


Tg Sol K(s)x? 
hi (i) 2ni Jrur, 8 


x? log” ") 


Las ds 


1—$(to) Si es, 
+O(x )+0O ( T? loge 


Proof : First observe that for s € Iz one has |K(s)| < K(2), and thus the 
preceding lemma implies 


|2niT (x) — / OL ds| 
TM § 


co 2 7? 
-0(f ant) -0(F), 


hence it remains to evaluate the integral over I. 

To do this observe that (7.24) shows that the only singularity of the 
integrand K(s)x°/s? in Q occurs at s = 1, where it has a simple pole with the 
residue h*(K)~1, since the functions ¢’(s, x)/¢(s, x) are for y # xo regular 
in 2, and for vy = xo asimple pole occurs at s = 1 with residue —1. Cauchy’s 
theorem gives now 
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5 


K( Ole, ek K(s)as 1 K(s)a* 
eae = es ds — —— > ds 


} 2 Qri s? 
 Qnilp ss pa 


AGE. 
anton ey oo 
On I, we have K(s) = O(log™ T) and |s|? >> T?, thus the integral over 
I, is is 
lore” 2 Zoo! 
0 (MELE f* aman) « (SEE), 
T 1-4(T) T? log x 


and the same applies to the integral over I. Moreover, on I3 we have 
|K(s)x°/s?| = O(a1~$)), hence the integral is O(21~?(¢0)). O 


Finally, we have to evaluate the integrals over I and I. There is nearly 
no difference between them, and we will consider only the integral over I> in 
detail. Obviously we have 


4 1 gee) + t)| at, 


K(s)x° x -#®) 
] t 
moe as< pe loa ty 
but 
£ aga euy< : 
dt tlog’*? t(log log t)® 


and so our integral is 


T _ 
«<z | exp( O08 a 
to 


To deal with the last integral we partition the interval [to, T] into two subin- 
tervals [to,U] and [U,T] with 


U = exp(Alog!/(+® a(log log x)~°/A+4), 
Since ¢(t) decreases and is positive, the integral over [to, U] is 
« xexp(—¢(U) log x) < exp(—A; log!/“*® z(log log x)~*/A+%) 
for a suitable A; > 0, and the integral over [U,T] is 


°° dt 1 
«K i a =7< exp(— A; log'/“4+ x (log log x) ~8/(1+4)), 
U 


Using Lemma 7.24 we obtain 
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i(K) “Toga 
+O(a exp(—A2 log!/(@+) a(log log x)~ 2/49), 


1 2 log! T 
Te) =e +0 (F] +o 40(4 ae 


2 


and now it is time to choose T. Putting T = «x one sees that the last 


remainder term dominates, thus we get 


T(2) = pare + O(wexp(—Az log’! +" n(logloga)*/**)), 
hi(K) 


and to conclude the proof one applies the Lemmas 7.21 and 7.22. O 


To make the contents of Theorem 7.20 non-void we prove now that its 
assumption can be satisfied with a = 1, b = 0, and this will lead to the 
following result: 


Corollary 1. (i) If X is a class in H7(K), then with a certain constant 
B= B(L) we have 
nx(0) = pres + Olexp(—By/iog7)) 
Ra) = SS = . 
hy(K) 


(ii) We have 
K(x) = liz + O(exp(—B’ \/log z)), 


with a constant B’ = B'(K). 


Proof : We shall verify the assumptions of the theorem for the set 2 with 
a = 1 and b = 0, and look first for zeros of ¢(s,y) in 2. Note that since 
there are only finitely many characters y involved, it suffices to do this for 
each particular y. Since ¢(3, X¥) = ¢(s, x) (which is obvious for o > 1 and for 
other s follows by analytic continuation), we may restrict our attention to 
zeros in the upper half-plane. Moreover, we will not bother about zeros with 
small imaginary parts, since by a change of the constant A in the definition 
of {2 we can keep them outside that region. Thus let zo = € + in be a root 
of ¢(s, x), with € > 7/8, n > 3, and write € = 1—c/ logy. We have to show 
that c exceeds a positive constant, independent of the chosen zero 29, but 
which may depend on y, since we are not interested in a uniform result. We 
apply Theorem III of Appendix II, taking f(s) = ¢(s,x), $9 = 7 + in with 
7 =1+a/logn, where 0 < a < 1/2 (the precise value of a will be fixed 
later) and r = 1/2. Since 7 > 3, the only possible singular point of ¢(s, x), 
viz. s = 1, lies outside the disc D = {s : |s — s9| < 1/2}, and, moreover, 
¢(s, x) does not vanish in the half-plane o > 7 > 1. So we need only a bound 
for |¢(s, x)/¢(s, Xo)| in D. This is provided by the following argument: 
Theorem 7.13 gives for every € > 0 the evaluation 
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I¢(8,x)| « jeJN*6 


with N = [K : Q|, and since for 0 > 1 we have the identity 
i 3 x(2) ux (J) 
C89). FN 


which is easily proved by multiplying the series occurring in it, we get 


1 lo og 
sO XK 89) < — 
cena] < Sx < 
This yields 
(8, x). x) g N/2+< 108 
(80, x) x)| “ a 


and applying Theorem III of Appendix II, we obtain with certain positive B 
and B, 


Re (¢"(so, x)/¢(s,x)) 
> —8(log B — loga + (N/2 + €)logn + loglogn) + (7 — €)7* 
> B,(loga + logn) + (r - €)*. 


We apply the same procedure to the point 7 + 2in, again with r = 1/2, 
but this time with the function f(s) = ¢(s, x7), and similarly we obtain the 


evaluation Cir + 2in, x2) 
T + 207, xX 

Re | -————"—~ | > —Ba(logn — loga), 

(Gai) ca 


for a suitable By > 0. 
Now observe that 


C'(7,x0) , ,¢/(7 +4, x) oe) 
ee (soe + Cr+ in,x) - ¢(r + 2in, x?) =e 


In fact, taking the logarithmic derivative of the Euler product of our zeta- 
function we see that for o > 1 one has 


¢'(s,x)/C(o,x) = nor se 


(7.25) 


where 
I)= {os N(p) if I is a power of p, 
0 otherwise. 
Substituting this series into the left-hand side of (7.25) we obtain 


Dg XD). x2) 
~LN Re (3x0l0) + Hh * xr) 


\(1 = cos sulk 


<0, 


a a(I) “ 
= Nay (3+4 cos A;+co0s(2A7)) = —2— 7D 
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where a; denotes the argument of y(I)N(I)~*". The resulting inequality 
implies 


—BRe (6'(r,x0)/6(7xa)) > ——z ~ Ba(logn ~ log a). 


On the other hand, expanding ¢'(s, xo)/¢(s, xo) at s = 1 we obtain 


BRe (¢"(s, x0)/C(s,xo)) = +60 bea(s — 1) +o, 


and this shows that for every « > 0 we have 


BRe (C"(7,x0)/¢(r,x0)) 2 —=—= 


— 4’ 
provided 7 —1 is sufficiently small. Now we have two inequalities for the same 
expression, and we shall prove their inconsistency for sufficiently small c and 
suitably chosen a. The comparison of these inequalities yields 


3+eE 4 
> — B3(1 —| 
a 3(log n — loga), 
but 7 — € = (a+c)logn, and 7 —1 = a/logn, thus 
] 
(3 + €) logn/a + B3(logn — log a) > ar 


and we arrive finally at 


4 3+6€ 
- —— + —+B3}1 
B3 loga > (+ + 7s F ») 0g” 


4 3+e€ 
> Bz ) log3. 7.26 
>(+ a = ») re ( ) 


If now a sufficiently small @ is fixed, then Bs log(1/a) < 1/a, but if we 
let in (7.26) the number c tend to zero, then we get 
1 e Alog3+ (3+ €)log3 
a a 


+ Bs log 3, 


which is not possible for sufficiently small a. 

We have thus obtained a zero-free region 2 with a = 1, b= 0 and certain 
A > 0. Now let 2’ be the region defined similar to 2, but with A replaced 
by 4A. Since 2’ is contained in 2, it is a zero-free region for ¢(s, x), hence 
f(s) = log¢(s,x) is regular there, and we shall show that for s € 2! one 
has the bound O(log™ |¢|) for the logarithmic derivative of ¢(s, x). Clearly it 
suffices to do so in the case t > 0. 

Let C be a large positive number, and consider a point a = a+ Gi € 2’ 
with 6 > C anda < 1. Put so = 2+ %6, and consider the disc D = {s: 
|s — 8)| < 14+. 1/(2AlogB)}. Since D C 2’, we may apply Theorem IV of 


7.2. Asymptotic Distribution of Ideals and Prime Ideals 361 


Appendix II to our function f(s) and so, with R = 1+ 1/(2Alog@) and 
r=1+41/(8Alog 8G). Since R < 2, |f(s0)| = O(1) and, by Theorem 7.13, 
ax _R 
|e a leR . f(s) 
< log max{|¢(s,y)|: 0<7<4,t-2<Ims<t+2} < logt, 


the said theorem of the appendix implies | f(s)| < log? ¢ for all s with |s—so| < 
1,/(3A log t). Finally, note that if |s — s9| = R then |z — s| > 1/(12Alogt), 


hence 
f(s) 
Ione (z ~ ae 


and this is all we need for the proof of (i). The assertion (ii) is an immediate 
consequence. oO 


F’@l=— 


5 < Rlog? t - 144.4? log” t = O(log* t), 
1 


Corollary 2. One has 


x x 
meee To pete 
TK (ax) ions + = - | 


and 


for every N. O 


4. Now we shall use Corollary 7 to Proposition 7.16 to prove a result of 
N.Moser [83], concerning Minkowski units. Let us recall that if the extension 
K/Q is normal with Galois group G, then a unit of K is called a Minkowski 
unit, if its image in the group U(K)/E(K) generates this group as a Z[G]- 
module. In Theorem 3.28 we considered the case when G was cyclic of prime 
order p < 19, and now we turn to dihedral group D, of order 2n, which can 
be defined as the group of motions of the regular n-gon, or, equivalently, as 
the group generated by two elements S$, T with relations 


S"°=T*=1, TS=S"'T. 


Note that for T one can choose any element of order 2 in Dn. 


Theorem 7.25. Every complex normal eztension K/Q whose Galois group 
G is isomorphic to Dp (with p being an odd prime) has a Minkowski unit. 


Proof : Denote by R the ring of integers of the p-th cyclotomic field Q(¢,), 
and let A be the R-module consisting of all linear polynomials in one variable 
with coefficients in R. Defining a multiplication in A by 


(a+ bX)(c + dX) = (ac + bd) + (ad + be) X 
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(with Z being the complex conjugate of z) we make A into a ring, clearly non- 
commutative. The following lemma shows that A is an epimorphic image of 
Z(G], hence can be regarded as a Z[G]-module: 


Lemma 7.26. The map S++ ¢,, T +> X can be extended to a surjective ring 
homomorphism y : Z[G] —> A, whose kernel equals NyZ[G], where H is 
the subgroup of G generated by S, and 


Na = So h=14+S4S?+---49P7}, 
heH 


Proof : Every element of D, can be uniquely written in the form S*, or S*T 
with 0 < k < p—1, hence the formula 


p-l p-1 
9 | >\(a)57 +b;9°T) | => Gaz +d;X),  (aj,b; €Z) 
j=0 j=0 


defines a linear map of Z[G] onto A. One checks easily that it is a ring 
homomorphism. 
If u= yr (ass + 6;SIT) lies in the kernel of y, then 


p-l pl 
dai = D1 biG = 0, 
j=0 j=0 


hence 
p-2 
di (aj — ap-1)G = 0. 
j=0 
But 1,G,..., cp? is an integral basis of R, thus all a;’s must be equal, and 


the same applies to the 6,’s. This shows that u = (ao + boT) Nu € Z/G]Ny = 
NyZ|G], because Ny lies in the center of Z[G]. In fact, it suffices to check 
that Ny commutes with every g € G, and this follows from the observation 
that H is of index 2 in G, and thus is a normal subgroup. 

This shows that the kernel of y lies in NyZ[G], and the converse results 
from p(Niz) = 0. O 


Before proceeding further observe that we can assume that T acts on K 
as complex conjugation. We shall use this in the proof of the next lemma, 
which will allow us to induce the structure of an A-module on U(K)/E(K). 


Lemma 7.27. Ifk C K corresponds to H by Galois theory, then k is imag- 
mary quadratic, thus the group U(k)/E(k) is trivial. 
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Proof : Since H is of index 2, k is a quadratic extension of Q. The field 
ko, corresponding to the subgroup Ho generated by T is the maximal real 
subfield of K, Because of HM Hp = 1, we have K = kko, and if k were real, 
kK would be real as well, contrary to our assumption. Hence k is imaginary 
quadratic, and the last assertion follows immediately. O 


Corollary 1. The ideal NyZ[G] of Z[G] annihilates U(K)/E(K), i.e., for 
every a € NyZ|G] and u € U(K)/E(K) we have au = 1. 


Proof : It suffices to observe that for a unit u of K we have 


p-l 
Na -u= [|] 9%(u) = Nxje(u) € U(k) = E(k) C E(K). Oo 
j=0 


Corollary 2. The action of Z[G] induces on U(K)/E(K) the structure of 
an A-module. 


Proof : This follows from Corollary 1 and Lemma 7.26. O 


Since R is a subring of A, the last corollary shows that U(K)/E(K) isa 
torsion-free and finitely generated R-module. We may thus invoke Theorem 
1.32 to obtain the existence of an ideal J of R such that U(K)/E(K) is 
isomorphic as an R-module to R™ @ J with a suitable m > 0. Comparing the 
Z-ranks we get p— 1 = (m+ 1)(p—1), hence m = 0 and U(K)/E(K) ~ J. 
This isomorphism induces on J an A-module structure, and so we may regard 
J as a Z[|G|-module by Lemma 7.26. To prove the theorem it suffices now to 
show that J is a cyclic module, i.e., is generated by one element. 

The action of A on J is determined by the action of X, since the elements 
of R act on J by multiplication. We show now that there is an element 
c € Q(¢,) of absolute value 1 such that the element X acts on z € J by 
X(z)=c%. Ire R,rA40andze€ J, z40, then 


X(rz) = (Xr)z = (FX)z =FX(z), 
hence if r,z € J rz £0, then 
TX (2) = X(re) =X (er) HZzX(r), 


implying X(r)/* = X(z)/Z = c, with a certain c, independent of r and z. 
This leads to X(z) = cz for all z € J, since for z = 0 this equality is evident. 
If now 2 is the image of a real unit in J, then X(zo) = zo, because on 
U(K)/E(K) the element X acts as complex conjugation. Hence c% = 2 
and we get |c| = 1. 

Since cJ = X(J) C J, we obtain 
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ie, @J = J, thus X(J) = J =cJ. We will use this to show that in the class 
of J there is an ideal J satisfying J = I. The function «+z obviously cannot 
vanish identically on R, thus there exists x9 € R such that a = ro + C£o FO. 
Since @ = Zp + cro, we obtain c@ = a, thus ¢ = a/a. Consider the ideal 
I = qaJ, where gq is a positive rational integer such that ga € R. Then I 
and J lie in the same class, and, moreover, I = qaJ = I, as needed. Since 
Theorem 1.39 implies I ~ J, we see that U(K)/E(K) and I are isomorphic 
R-modules. We may thus replace J by I, or, which is simpler, assume that 
J = J. This gives cJ = J, and consequently ¢ is a unit of R. Now choose 
an unramified prime ideal p C R of first degree in such a way that the ideal 
pJ = <BR is principal, Such a choice is possible by Corollary 7 to Proposition 


7.16. Note that, in particular, we have p # p, hence (p, p) = 1. 


If now 
p-1 


uU= S (aS? + b; SIT) (ai, b; E Z) 
j=0 


is an arbitrary element of Z[G] then 


p-l1 p-l 
Ux = y aga + ; biGe, 
i=0 i=0 


hence = 
Z|Glz = Re + RE=pJ+pJ = J(p+p) =JSR= J, 


showing that J is generated by x as a Z[G]-module. O 


7.3. Chebotarev’s Theorem 


1. In Chap. 6 we have seen that to every prime ideal $8 in a normal extension 
L/K of an algebraic number field there corresponds a canonically determined 
subgroup of the Galois group G, namely the decomposition group G_1(), 
which is isomorphic in a natural way to the Galois group of the corresponding 
local extension Ly/K‘,. In the case of unramified 8 Theorem 5.25 shows that 
this group is isomorphic to the Galois group of the corresponding extension of 
the finite field Rx /p, which is necessarily cyclic. It follows from the theory of 
finite fields that this group has a distinctive generator s acting by s(a) = a? , 
where F' = f(K,/Q,). We can trace down this generator to G_; (8) through 
our isomorphisms, and so we obtain an automorphism sy of L/K, satisfying 


sy(xz) =a2N) (mod $8) 


for all  € Ry. Note that this property determines sq uniquely. Traditionally 
sy is denoted by 
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eal 


and called the Frobenius automorphism associated with 5B, or the Frobenius 
symbol. 

If we take another prime ideal lying over the same prime ideal p, then the 
corresponding Frobenius automorphisms may differ, but are still related. 


Proposition 7.28. If t is an element of the Galois group Gal(L/K), then 
Ea =to Ae | ot}. 
t(P) ou 
Proof : If x € Ry, then sy(x) — 2%) lies in $8, hence 
tospot l(c) —tot (aN) € x9), 


i.e., 
tospyot l(a) — 2%) € tp), 


proving the proposition. O 


Corollary. If L/K is Abelian, then the Frobenius automorphism of 3B de- 
pends only on the prime ideal p of Rx lying below $B. oO 


If L/K is normal, and for any g € Gal(L/K) we denote by Cl(g) the 
conjugacy class of g, i.e., the set of all elements conjugated with g, then one 
defines a map Fy,/x of the set of all prime ideals of Rx, unramified in L/K, 
into the set of all conjugacy classes in Gal(L/K) by putting 


Fr/K: p> Cl(sg), 


where $8 is an arbitrary prime ideal of Rz lying above p. The following 
theorem gives the main properties of this map: 


Theorem 7.29. (i) If L/K is normal of degree n, the prime ideal p of Rx 
is unramified in L/K, and f is the order of any element of F,/x(p), then 


pRyr = P1--- Py, frsK(B) =f, 
where g=n/f. 
(ii) If K C LC M, M/K and L/K are normal, p is a prime ideal of 
Rx unramified in M/K and R= Ryjz,: Gal(M/K) — Gal(L/K) is the 
restriction map, then R(Fy/x(p)) = Ft/x(p)- 


(iti) If L/K and M/K are normal, and p is a prime ideal of Rx unram- 
ified in LM/K, then the inclusion 
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FyuyK(P) C Frx(p) Fux (p) 


holds, provided we identify the group Gal(LM/K) with its image under the 
map s +> [s\7,\m] in the product Gal(L/K) x Gal(M/K). 

(iv) If L/K is normal, M/K is finite, p is a prime ideal of Rx unramified 
in L/K, and q is a prime ideal of Ry, lying above p, then q is unramified in 
IM/M, and we have 

Frmym C Fryx(p)!, 


where f = fuyx(q)- 
(v) Let L/K be finite, and let M/K be the minimal normal extension of 
K containing L. Let p be a prime ideal of Rx unramified in L/K, B% a prime 
ideal of Ruz lying above p, and Q the prime ideal of Ry lying below %. Put 
also s = MAE, and let H be the subgroup of Gal(M/K) generated by s. 
Then 
#H 


frjx(Q) = Bunny’ 


where U is the subgroup of Gal(M/K) corresponding to L according to Galois 
theory. Moreover, the set of prime ideals of Ry lying over Q coincides with 
the set {us*(B): ueU,k > 0} 

Proof : (i) Since er /x($) = 1, and [6 | generates the decomposition group 
of $8, the assertion follows from the Corollary 1 to Proposition 6.8. 

(ii) If s © Fuyx(p), 81 = R(s), and B lies over p in Ry, then for z € Ry 
we have s(x) = xP) (mod $8). This implies s;(x) = aN) (mod $8;) for 
z € Ry, where P; lies below 8 in Rz, and therefore s; € F,/«(p). We see 
that R maps Fiy/x(p) into F,/«(p), and since it is surjective and preserves 
conjugacy classes, we get R(Fiz/x(p)) = Fr/x(p). 

(iii) Observe that the map Gal(LM/K) —> Gal(L/K)xGal(M/K) given 
by g +> [giL, g\m] is injective, and the composition of it with the projection 
onto Gal(L/K), resp. Gal(M/K), coincides with Ryy/_ and Rim, te- 
spectively. Applying this to g € Fzz/K(p), we get 

9 = [9\2,9\m) = [Rimx(9); Rumjm(9)] C Fox (p)Fuyx(p) 
by (ii). 

(iv) If g is an element of Gal(LM/M), then gj,, lies in Gal(L/LM), and 
the map g +> gj, is an isomorphism. We can thus identify Gal(LM/M) and 
Gal(L/L1M). Applying Corollary 1 to Lemma 5.24 to the corresponding 
p-adic extension, and using Theorem 5.11 (iv), we see that q is unramified 


in LM/M, proving the first part of our assertion. To prove the second take 
9 © Fpmjm(q), and let 3; be that prime ideal in Ry which lies over q, and 


satisfies 
ee /M | = 
Bi 7 
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If $8 is the prime ideal of Ry lying below 8), then for x € Ry we have 
aN(4) = g(x) (mod $1), 


and the same congruence holds also mod §B. If we choose gi € F/x(p) so 
that the congruence 
aN(®) = g(x) (mod $) 


holds, then in view of N(q) = N(p)/ we get 
aN) = gi(x) (mod ff), 


and this leads to 
g(z) =m (x) (mod §), 


which can hold for all x € Rr only if g and gt coincide. But this shows that 
Fr ujm(q) C Fr/x(p)!, as required. 

(v) Observe first that by Corollary 2 to Proposition 4.25 the prime ideal 
$B is unramified in M/K. The elements s* (k = 0,1,...) belong to the decom- 
position group of $8 over K, thus s*(%) = f, and if u € U and $1 = u($), 
then from QRy C P we get u(QRaz) C Pi, which in view of u(Q) = Q 
gives ORy C $1. Hence P; lies over Q. This shows that all ideals (us*)(B) 
lie over Q. To show that no other prime ideal can lie over Q observe that 
if 8’ has this property, then with a suitable u € Gal(M/L) = U we have 
p’ = uP). 

Finally, Lemma 6.7 shows that the decomposition group of $8 over K 
equals H MU, and so we obtain 


rei asc! 
— #(UNU) 


CL] 


fxjQ(Q) = fu (B)/fuyr(P) 


Corollary 1. A prime ideal p C Rx splits in a normal extension L/K if 
and only if Fr/«(p) = 1. 


Proof : Immediate from (i). Oo 


The next corollary explains the example presented after the Corollary 5 
to Proposition 7.16. 


Corollary 2. If L/K is normal, then a prime ideal p of Rx remains a prime 
ideal in Rr if and only if the Galois group of L/K is cyclic and generated by 
Fr /x(p)- 


Proof : A prime ideal p of Rx remains prime in Ry; if and only if it 
is unramified, and for every prime ideal $% lying over p in Rz we have 
fix (®) = [L : K). In view of (i) this implies our assertion. O 
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Corollary 3. If L/K is finite, and M/K is the minimal normal extension of 
K containing L, then the type of factorization (i.e., the number and degrees 
of the factors) of a prime ideal of Rx, unramified in L/K, depends solely on 
the subgroup of Gal(M/K), corresponding to L, and Fy/x(p)- 


Proof : Apply (i) and (v). [3] 


2. The principal result concerning the Frobenius automorphism is the density 
theorem of Chebotarev, which we first present in its weaker form: 


Theorem 7.30. If L/K is normal of degree n, and A is a conjugacy class 
in the Galois group Gal(L/K), then the set 


Pa={p: Frx(p) = A} 
is infinite, and has Dirichlet density ##A/n. 
The stronger form requires for its proof Artin’s reciprocity law, which lies 


outside the scope of this book. Chebotarev’s theorem in its stronger form 
reads as follows: 


Theorem 7.30*. If L/K is normal of degree n, and A is a conjugacy class 
in the Galois group Gal(L/K), then the set 


Pa={p: Frx(p) = A} 


is regular, and has Dirichlet density #A/n. If Na(x) is the number of prime 
ideals p € Pa with N(p) < x, then 


Na(z) = (= 


n 


x 
log x 


+ o(1)) 


In the case when K = Q, and L/Q is Abelian, or more generally, when 
L is contained in a cyclotomic extension of K, one can give an elementary 
proof of Theorem 7.30*, and this will be the first step towards the proof of 
Theorem 7.30. In the next step we shall reduce the problem to the case of 
cyclic extensions, and finally, for a given cyclic extension we shall combine 
various cyclic extensions contained in cyclotomic extensions to obtain the 
assertion. In the last step we shall approximate the sum 


>> Np)’, 
pePa 
and our approach will not be strong enough to yield the regularity of P,. 


Proof of Theorem 7.30: First we establish Theorem 7.30* for cyclotomic ex- 
tensions: 
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Lemma 7.31. If L = K(Gn), then Theorem 7.30* holds for the extension 
L/K. 


Proof : Put Km = Q(¢m), and apply Theorem 7.29 (iv) to the normal ex- 
tension K,,/Q and K/Q. Let q be a prime ideal of K lying over p = pZ, 
and assume that p does not ramify in Km/Q, and fx/o(q) = 1. Since 
both extensions K,,/Q and L/K are Abelian, the theorem quoted implies 
Fr«(4) = Fx,,/0(P), if we consider the Galois group Gal(L/K) as a sub- 
group of Gal(K,,/K). Now note that every automorphism of K,, is deter- 
mined by its action on ¢,,, and denote by g, the automorphism satisfying 
Or(Cm) = Gh, (1 <r <m, (r,m) = 1). The definition of the Frobenius auto- 
morphism implies that F'x,,/9(P) = gr holds if and only if p = r (mod m). 
This shows that 


P,= {q: fxjo(4) = 1, Fr (a) = gr} 
= {a: fxo(4) =1,N(q) =17 (mod m)}, 


and thus 
+ g(s + 9(s), 
ee ae a> gr = Lo pgetat 
Bgl or N(q)=r (mod m) 


since prime ideals q with f,/«(q) # 1 contribute only to g(s) in the equalities 
above. 

Now observe that if a is a totally positive integer of K congruent to 
unity mod m, then Nx g(a) = 1 (mod m). Since a is totally positive we get 
N(aRx) = Nx g(a), and this implies that the set {I : N(I) = 1(mod m)} 
is a sum of, say, k classes from H*(K), where m = mRx. Therefore the 
set {I : N(I) =r(mod m)} is either void, or contains k classes of H*(K). 
Corollary 6 to Proposition 7.16 gives now 


x oi . ts los 7 + 900) 8) 


N(q)=r (mod m) 


where e, equals 0 or 1. If we put 1 = €; +--+ + €m_1, then the last equality 
implies kl = h%,(), but | cannot exceed the order of Gal(L/K), thus 


nk > h*(K) (7.27) 


must hold. On the other hand, every prime ideal q € Rx of the first de- 
gree with N(q) = 1(mod m) splits in L/K. In fact, in this case we have 
Fx,,,/9(p) = 1. Now (7.26) shows that the density of the set of prime ideals 
splitting in L/K equals at least kh*,(K)~1!, and by Corollary 3 to Proposition 
7.17 it equals 1/n. Thus 

nk < he (K), 


and (7.27) implies that we have equality here. So (7.26) becomes 
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1 Ep 1 
——- = — log —— 8), 
S> Ne = nec +9) 
N(q)=r (mod m) 
and we see that exactly n of the sets P, are non-empty. But this proves that 


every element of Gal(L/K) is the Frobenius automorphism for prime ideals 
forming a regular set of density 1/n. O 


Using this lemma we obtain now the Theorem 30* for subextensions of 
cyclotomic extensions: 


Lemma 7.32. If L = K(Gn) and K C M CL, then Theorem 7.30* is true 
for the extension M/K. 


Proof : Denote by ¢ the restriction map of Gal(L/K) onto Gal(M/K), and 
let p be a prime ideal of K, unramified in L/K. By Theorem 7.29 (i) we have 
Fy/x(pP) = o(Ft/K(p)), and so for g € Gal(M/K) we obtain 


1 1 
ae ——— + g(s). 
Ce 
Py/K(P)=9 FrjK (pee l(g9) 


Lemma 7.31 implies that the last sums equals 


so 9s): 


but obviously we have #(y~1+(g)) = [L : M], and so 


1 1 1 
De Nop) > [Me Ky] 85a 190): O 


Fy/K(P)=9 


Corollary. Theorem 7.30* holds for all Abelian extensions of the rationals. 


Proof : Apply Theorem 6.18 and the lemma. O 


Lemma 7.33. If Theorem 7.30, or 7.30*, is true for all cyclic extensions of 
every algebraic number field, then it is true for all normal extensions. 


Proof : Let L/K be normal, and select an arbitrary element g € Gal(L/K). 
We consider the set P, of all prime ideals p of Rx which do not ramify in 
L/K, and for which Fy,/x(p) is the conjugacy class containing g. For p € P, 
let $3 € Ry be the prime ideal lying over p with 


Ea = 9. (7.28) 
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Let Z(g) be the centralizer of g (i.e., the set of all elements of Gal(L/K) 
commuting with g), C(g) the cyclic group generated by g, and i(g) the index 
of C(g) in Z(g). Observe that i(g) coincides with the number of those prime 
ideals P over a given p € Py, satisfying (7.28), this number being independent 
of p. In fact, if t € Gal(L/K), and satisfies (7.28) then, by Proposition 
7.28, the equality 


holds if and only if tgt~! = g, ie., if and only if t € Z(g), and this shows 
that there are exactly #C(g) distinct prime ideals of the form t(%8) (with 
t € Gal(L/K)), since the decomposition group of $8 equals C(g). 

Let M be the subfield of L corresponding to C(g), and denote by q the 
prime ideal of Rag lying below 8, which is a fixed prime ideal over p satis- 
fying (7.28). Proposition 6.7 shows that qRz = 8 and Ny/x(q) = Nx/o(P) 
(because of fiz/xK(q) = 1), hence the conditions 


g(x) = rN (a) (mod 98) 


and 
g(x) = g(r) (mod $B) 


are equivalent. Thus Ea =49, and Frm (q) = g. We see that if Fr, x(p) is 


the conjugacy class containing g, then p has i(g) prime ideal divisors q in Ry, 
satisfying Naz/g(4) = Nx/o(p) and Fr/1(q) = g. Note that also conversely, 
if Frym(q) = g and Nyz/o(4) = Nx/o(p), then g € Fy/x(p), and the set of 
remaining prime ideals Q € Ry with F,/y7(Q) = g is regular of density zero, 
since every such ideal is of degree > 1 over the rationals. We can thus write 


i(g) y Ney = ys Wigr +9) (7.29) 
9€F pK (P) Fr jm (a)=9 


Now we use the assumed validity of Theorem 7.30 for all cyclic extension 
in the case of the extension L/M. This leads us to 


ye a : log : +0 (log : ) 
: N(q)s [L: M] s—1 s—l 


Frm (=a 


ee ee : +o{l : 
~ #C(g) eee ae 


and now (7.29) implies 


1 1 1 1 
2 Noy #Z@ 85-1 +0 (oe s— i): 


9EF 7 /K(P) 
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and it suffices to recall that 
#Gal(L/K 
#2Z(g) = memos Eee . 
#{tgt-! : t € Gal(L/K)} 
If we assume that Theorem 7.30* holds for all cyclic extensions, then in 
the argument above we can replace o (log +3) by g(s), yielding Theorem 


7.30* for the extension L/K. Oo 


So we are left with cyclic extensions. To deal with them a technical lemma 
is needed: 


Lemma 7.34. If L/K is a finite extension, and G is a finite Abelian group, 
then there exists a normal extension M/K with Gal(M/K) ~ G, which can 
be embedded in a cyclotomic extension N/K, and satisfies LX M = K. 


Proof : Let G = [Jj_, C2 be the factorization of G into primary cyclic 
factors. For every set of distinct rational primes q1,..., g,, not dividing d(K), 
and satisfying 


Gi =1+pS (mod pt!) (¢=1,2,...,r) 


put m = q-:-q, and Ky, = K(¢m) (the existence of such primes q; results 
from Corollary 7 to Theorem 7.25). Theorem 2.20 and Corollary to Theorem 
4.26 show that all prime divisors of d(Q(¢,,)) divide m, and so by Theorem 
4.26 we obtain [K,, : K] = y(m). Since for relatively prime m1, mz we have 
IAGrgs Cr) = Kime) we get 


[K (Cmis Sm) : K] = y(mime) = v(m1)p(me2) 
= [Km : K][Kim, : Ki), 
hence Km, 1 Km, = K. This shows that if v is the number of subfields of 
L containing K, then from every system of v + 1 fields Ky, one can extract 
one, say Ky, = N with NOL = K. lfm = q---qr and q, = 1 + dip? 
(i =1,2,...,r), then the Galois group Gal(N/K) is isomorphic to 


Tr 


[1 Coe! = II (cs, x C,e:) ’ 
i=l 


i=1 


since p; { b;. Now let M be the field, corresponding to the subgroup [];_, Co, 
of Gal(N/K). Obviously Gal(M/K) ~G and LON M=K. O 


Now, as all necessary preparations have been made, we can proceed with 
the proof of Theorem 7.30. Let L/K be a cyclic extension with Galois group 
G, and let M/K be a normal extension contained in a suitable cyclotomic 
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extension, and satisfying LD M = K. Lemma 7.34 assures the existence of 
such extension, and permits us to choose freely the Abelian Galois group 
G, = Gal(M/K). Fix an element g € G, and let f be its order. Leaving 
for a while aside the final choice of G1, assume now only that G contains 
an element ¢ of order f; divisible by f. Let U be the cyclic subgroup of the 
group G x G, ~ Gal(LM/K) generated by the pair (g,t), and denote by N 
the subfield of LM, corresponding to U. The extension LM/N is cyclic with 
Galois group U, and MN/N is also cyclic with Galois group U/(gp(g) NU) ~ 
gp(t), where gp(x) denotes the cyclic group generated by x. Note that MN 
is contained in a cyclotomic extension of N. Lemma 7.32 implies that if ¢ is 
the coset in U/(gp(g) NU) determined by t, then 


1 1 1 
2 Nay = i log Soa + g(s). (7.30) 


Fy n/n (a)=t 


Now let q be a prime ideal in Ry of first degree over K, and let p be the 
prime ideal of Rx lying below it. By Theorem 7.29 (iv) we have Fyyn/n(q) = 
Fy/x(p), and thus (7.30) implies 


1 1 1 
tte NOR WR Ney 
FusK(p)=t Fyn/n(a)=t 
Sees eee log ae + g(s). (7.31) 
fi[N: K] ~s-1 , 

Because of Gal(N/K) ~ G/U, Corollary 1 to Theorem 7.29 implies that 

a prime ideal p of Rx splits in N/K if and only if Fr/%(p) € U. Hence the 
set 


Ar={pC Rx: Fuyx(p) =t, p splits in N/K} 


coincides with 


{p C Re: Fuyx(p) =t, FruK(p) = (gt)” for some r}. 


Now Theorem 7.29 (iii) shows that the condition Fry/x(p) = (gt)” is 
equivalent to the conjunction of Fr/%(p) = g” and Fyy/x(p) = t”, thus for 
p © A; we must have t” = t, ie. r = 1(mod f;), and also r = 1 (mod f), 
because f|f;. Finally we arrive at 


A,={pC Re: Fuyx(p) =t, Frx(p) = 9}, 
and (7.31) leads to 
1 1 


1 
Ney > fin: Kk] es —1 +9): (7.32) 


Fr/K(P)=9 
Fry (p)=t 


374 7. Analytical Methods 


Denote by C(f) the number of t € G1 whose orders are divisible by f, 
and add the equalities (7.32) for all such t’s. In view of 


fi[N: K] < (LM: N|[N: K] =[LM: kK] 


this gives 
1, of 
N(p)s ~ [LM : K| 


log : i + O(1) 
Frjx(p)=9 
as s tends to 1 over real numbers exceeding 1. 

It is now time to choose the group G,. We shall do it in such a way 
that the ratio C(f)/#G, falls between 1 — « and 1, where « is an arbitrary 
fixed positive number. To show that such choice is possible, factorize f = 
pi’: per, and note that if G, is a cyclic group of order p -+.p’r, where 
b; > a; (¢ =1,2,...,1r), then G, contains 


He) 


i=] 


elements of orders divisible by f, and so for such group the ratio C(f)/#G1 


equals 
Tr 
Ce a 


t=1 
and thus can be made arbitrarily close to 1 by a suitable choice of the 6,’s. 
Therefore for s > 1 we have 


1 1 
wor2 (mete) ees (788) 


and ae the resulting equalities for g € G we get 


Fri (p)=g9 


1 
log —— + 001) = ye oe 5 2 (1 + 0(1)) log = 
N F a 
g€G Fr /K(p)=9 
which is possible only if in (7.33) the equality sign occurs. Oo 


Thus the proof of Theorem 7.30 is complete. Now we deduce the stronger 
Theorem 7.30* from Artin’s reciprocity law. First we have to state the latter. 
There are several formulations of this theorem, which is fundamental for 
the class-field theory. We choose the version which is most suitable for our 
purpose. 


Artin’s Reciprocity Law. If L/K is Abelian with Galois group G, then 
there exists an ideal f in Rx such that the set of prime ideals ramified in L/K 
coincides with the set of prime ideals dividing {. Moreover, if p1, po are two 
unramified prime ideals lying in the same class in Hj (K), then Fr/x (Pi) = 
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Fr (p2), and the map H}(K) —>+ G, induced in this way by Fr/x is a 
surjective homomorphism. 

Theorem 7.30* is an immediate corollary. Indeed, in view of Lemma 7.33 
it suffices to deal with the case of cyclic L/K, and the reciprocity law shows 
that the set of all prime ideals p in Rx, for which F’,/%(p) is a given element 
g € Gal(L/K), is non-void, and consists of all prime ideals lying in certain 
classes of Ay(K ), the number of these classes being independent of g. It 
remains to apply Corollary 6 to Proposition 7.16. O 


Now we turn to applications of Chebotarev’s Density Theorem. We start 
with two old results of Frobenius and Kronecker, which formed the first steps 
towards Theorem 7.30. 


Proposition 7.35. (i) Let L/K is normal of degree n. If for a given g € 
Gal(L/K) we denote by A(g) the union of conjugacy classes of g,g,..., then 
the set of all prime ideals p of Rx satisfying Fy/x(p) € A(g) ts infinite, and 
its Dirichlet density equals #A(g)/n. 

(ii) If |L : K] =n and for m = 0,1,...,n we denote by Pm the set of 
all prime ideals of Rx having exactly m prime ideal divisors of degree one in 
Rr, then every set P,, has a Dirichlet density, say dm, and one has 


Proof : Assertion (i) results immediately from Theorem 7.30, since every set 
A(g) is a union of disjoint conjugacy classes. 

To prove (ii) observe that the existence of the densities d,, is a conse- 
quence of Corollary 3 to Theorem 7.29 and Theorem 7.30. Since the sets 
Py, are disjoint, and their union contains every prime ideal of Rx we get 
do + dj +---+d, = 1. To obtain the second equality we use Corollary 3 to 
Proposition 7.16, getting ford >1 


1 1 
(1 + 0(1)) log ae 2s Na: 
f/K(B)=1 
~2 epee De wep F900) 


=U) 
frjK(B=1L BARK EPm 


(> Mdm, + o(1) Joe log —> 


whence 


> Mdm = 1. O 
m=1 
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Let L/K be finite of degree n, and let M/K be the smallest normal 
extension of K containing L. Denote by G the Galois group of M/K, let 
L, = L,Lz,..., Im be the fields conjugated to L over K, and observe that G 
acts as a permutation group on the set of these fields. In the next proposition 
we keep this interpretation in mind. 


Proposition 7.36. The set of all prime ideals p of Rx unramified in L/K, 
and satisfying 
pRr = Pi--- P,, 


with fixed fi = fry (Bi) (@ = 1,2,...,1r) has a density, which equals the 
relative frequency in G of the set of all permutations which are products of r 
disjoint cycles of orders fi, fo,...,fr, respectively. 


Proof : We need an auxiliary result: 


Lemma 7.37. If p is a prime ideal of K unramified in L/K, g © Fux(p), 
and g = 91 :-: gr is the factorization of g into disjoint cycles, then 


pRr = Pi--- PB,, 


with 
figx CB) = oe (= 12a 


Proof : Let U be the subgroup of G corresponding to D. Fix 1 <i <r, let 
L, be an element of the cycle g;, choose t; € G, mapping DL, onto L,, and 
consider hj = tigt;'. By Theorem 7.29 (v) there exists a prime ideal 3; 
lying over p with fr/« (Bi) = #Ai/#(Hi OU), where H; is the subgroup 
generated by h;. Observe that in the factorization of h; into distinct cycles 
the field L lies in a cycle of length f; = #g;. Since the remaining cycles leave 
Ly invariant, they must belong to U, and it follows that f; is the smallest 
positive integer with hf € U. Therefore fr/x(#:) = fi results. Since for 
distinct 7’s we get distinct prime ideals B;, we are ready. O 


Proposition 7.36 follows immediately from the lemma and Theorem 7.30. 
O 


4. Now we give an application of Theorem 7.30 to the question to what 
extent an extension L/K is determined by the set P(L/K) of all unramified 
prime ideals of Rx having at least one prime ideal divisor of first degree 
on L/K. It is clear that if Lj and Lz are conjugated over K, then the sets 
P(L,/K) and P(L2/K) coincide, thus P(L/K) can determine L only up to 
an isomorphism over K. However, even this may fail, as we shall see. Let us 
call an extension L/K a Bauerian extension, if for every extension M/K the 
inclusion P(M/K) c P(L/K) implies that M contains a subfield isomorphic 
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to L over K. It is convenient at this point to consider two sets of prime ideals 
differing only in finite number of elements as identical, since this allows us 
to forget about all ramified prime ideals. So in this subsection an inclusion 
A C B for sets of prime ideals will mean that the difference A \ B is finite, 
and an equality A = B will mean that the symmetric difference of A and B 
is finite. The solution to our problem is given by the following theorem: 


Theorem 7.38. Let L/K and M/K be finite extensions, and let N/K be 
the minimal normal extension of K containing L. Denote by H and U the 
subgroups of Gal(N/K) corresponding to L and MON, respectively, and let 
H, = H,Ho,...,H, be the subgroups of Gal(N/K) conjugated to H. Then 
one has 

P(M/K) c P(L/K) 


if and only if 


i=l 


holds. 
Proof : We start with a lemma: 


Lemma 7.39. Let L/K be normal with Galois group G, and let M/K be an 
arbitrary finite extension. Put N = LMM, and denote by U the subgroup 
of G corresponding to N. Moreover, let C be an arbitrary conjugacy class in 
G. Then there exist infinitely many prime ideals p in Rx having at least one 
prime ideal divisor of the first degree in M/K, and satisfying Fy/x(p) = C 
if and only if the intersection CNU is non-empty. 

If in addition N/K is normal, then this condition may be written in the 
formC CU. 


Proof : Denote by R/K the minimal normal extension of K containing M. If 
U’ is the subgroup of Gal(R/K) corresponding to M, and J is a prime ideal 
of Rr unramified in R/K, then the conditions 


Neu 


and f/x (B’) = 1 (where ’ is the prime ideal of Ryy below 8) are equivalent 
by Theorem 7.29 (v). Thus a prime ideal p € Rx lies in P(M/K) if and 
only if the intersection Fr/x(p) U’ is non-void. If S is the composite of 
L and R, then Gal(S/K) can be considered as the subgroup of the product 
G x Gal(R/K), consisting of all pairs (91,92) for which the restrictions of 
gi and gz to LM R coincide. Observe now that if C; and C2 are conjugacy 
classes in G and Gal(R/K), respectively, then there exists a prime ideal p 
with Fr/x(p) = Ci, Fr/x(p) = C2 if and only if to every gz € C2 one can 
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select gi € C; so that gig2 € Gal(S/K). Indeed, if gigs lies in Gal(S/K), 
then by Theorem 7.30 there exist infinitely many p with gigo € F's/x(p), 
and Theorem 7.29 (iii) implies 9; € Fr/x«(p) and g2 € Fr/x(p). Conversely, 
if such p exists, then by Theorem 7.29 (ii) the restrictions of C, and C2 to 
LOR coincide, being both equal to Frjr/K(p), and our assertion becomes 
obvious. 

Thus we see that one has p € P(M/K) if and only if the intersection 
CU' nN Gal(S/K) is not void. Since Gal(S/K)M GU’ = Gal(S/M) we see 
that the set of all g; € G for which there exists g2 € U’ such that gig € 
Gal(S/K) equals the restriction of Gal(S/M) to L, which in turn coincides 
with Gal(L/N) = U, and so finally we find that the set 


P(M/K)N{p: Frjx(p) = C} 


is non-empty if and only if there is g; € C lying in U,ie., CNU #9. 
If N/K is normal, then U is a normal subgroup of G, and then the con- 
ditions CNU #9 and C C U are equivalent. Oo 


To prove the theorem assume first that P(M/K) Cc P(L/K). Let C be 
a conjugacy class in Gal(N/K) which has elements in common with U. By 
Lemma 7.39 the set 


{p: Fjx(p) =C,p € P(M/K)} 
is infinite, and our assumption implies that the same holds for the set 


{p: Fy/x(p) = C,p € P(L/K)}, 


whence Lemma 7.39 leads to C1 H # 9. Now, if g lies in U, then one of its 
conjugates lies in H, hence g € H , proving U Cc A. 

To prove the converse assume U C H. Then all subgroups conjugated with 
U are contained in H, but for every p € P(M/K) the union of all subgroups 
conjugated with U contains Fy/«(p). This shows that Fy/%(p) 9 H is non- 
void, proving p € P(L/K). O 


Corollary 1. If L/K is normal, then for every extension M/K the condi- 
tions L C M and P(M/K) Cc P(L/K) are equivalent, i.e., L/K is Bauerian. 


Proof : If L C M, then the multiplicativity of prime ideal degrees leads to 
P(M/K) c P(L/K). Conversely, if P(M/K) C P(L/K), then we apply the 
theorem just proved with N = L, H = {1}, thus U = {1}, LN M = L, and 
soLcM. O 


Corollary 2. Let L/K be a finite extension, and let M/K be the minimal 
normal extension of K containing L. Denote by H the subgroup of Gal(M/K) 
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corresponding to L, and let H, = H,Ho,...,H, be the subgroups conju- 
gated with H. Then L/K is Bauerian if and only if for every subgroup U 
of Gal(M/K) the condition U C U;_, Hi implies U C H; for a certain i. 


Proof : Immediate from Theorem 7.38 and the definition of a Bauerian ex- 
tension. O 


The last corollary permits us to present an example of a non-Bauerian 
extension. Let K = Q, and let L = Q(a), where a is a root of the polynomial 
2X° —32X +1, whose splitting field has the symmetric group on 5 letters for 
Galois group. The subgroup H corresponding to L consists of all permutations 
fixing a certain letter, say 1, thus for i = 1,2,...,5 the group H; consists of 
all permutations fixing 7. If we now take 


U = {e, (123), (132), (12)(45)}, 


then U is contained in the union of the groups H; without being a subset of 
one of them. Thus the extension L/Q is not Bauerian. 


5. Our next application concerns power residues. Let p be an arbitrary ratio- 
nal prime, and let K be an algebraic number field containing all p-th roots 
of unity. We shall call a set A = {a1,...,@m} of non-zero elements of K 
p-independent if the product 


ay! wake an” 
with rational integral 71,...,% can be a p-th power of an element of K 


only in the case when all exponents x; are divisible by p. Equivalently, A is 
p-independent if its image in K*/(K*)?, treated as a linear space over Fp, is 
linearly independent. 

Let q be a prime ideal in Rx which does not divide pRx, and is of degree 
one over Q. Then its norm in Q(¢,) is a prime ideal of degree one over Q, and 
thus q = Nx/g(q) is a rational prime congruent to unity mod p by Theorem 
4.40. Note also that q is unramified in K/Q. 

For such q and a non-zero element a € Rx one defines the p-th power 
residue symbol 


as that p-th root of unity which is congruent to a{%~))/? (mod q). This defi- 
nition makes sense since the relation 


-1 


a int (ae 3 Gh) =0 (mod q) 


j=0 


shows that a(9—1)/? is congruent to a certain p-th root of unity, and indeed 
only to one of them, since they are distinct mod q, q being unramified. 
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Theorem 7.40. Let p be a fixed rational prime, and let K be an algebraic 
number field containing all p-th roots of unity. Let a1,...,@m € Rx be given, 
forming a p-independent set, and let z1,...,%m be given p-th roots of unity. 

Then there exist infinitely many unramified prime ideals q of degree one 


over Q with 
(7) 
—| =z; 
4 /p 


Proof : For i = 1,2,...,m write z; = ¢* with 0 < e; < p—1, and put 
0,= a, /P and K; = K(0;). The extension K;/K is normal with the cyclic 
group of p elements as Galois group. Let t; be a generator of it acting on ¥; 
by t;(0;) = Gv. If q is an unramified prime ideal of Rx of degree 1, then the 
definition of the Frobenius automorphism shows that the equality Fx, /«(q) = 
t? is equivalent to (%)> = G3. In fact, if ¢g = N(q), then Fx,/«(q) = t! holds 
if and only if 


fori =1,2,...,m. 


(40; = 07 (mod q), 


and this is in turn equivalent to 


z = ort = alee (mod q), 


PEN a 
@) ‘p 


Observe now that it suffices to establish the equality [L : K] = p™ for L = 
K(01,..., 0m), since then the set of all prime ideals satisfying the assertion 
of our theorem coincides with the set of all those unramified prime ideals q 
of degree 1 for which 


ie., to 


Fy x(a) = [e,--.. te] € [] Gal(K(9;)/K) = Gal(L/K), 
j=l 


and this set is infinite by Theorem 7.30. We will obtain this result as a special 
case of the following lemma: 


Lemma 7.41. Let p be a rational prime, and let K be a field of characteristic 
zero. 

(i) Ify € K, and the polynomial f(X) = X? —y is reducible over K, then 
y is a p-th power of an element of K. 

(ii) If a1, a2 are elements of K such that the fields K(at/”) and K(as/”) 
coincide (here a'/P denotes a solution of the equation x? = a), then there is 
an element b € K, and a rational integer r with 1 < r < p—1, such that 
ay = bP as. 


7.3. Chebotarev’s Theorem 381 


(iti) If a1,...,@m are p-independent elements of K then 


[K(ai/?,...,al/?) : K] =p”. 


Proof : (i) If p = 2 then the assertion is evident, so assume that p is an odd 
prime, and let # be a fixed p-th root of y, so that 


p-1 


F(X) = [[(X - Go). 


j=0 
Assume now that f is reducible over K. Then f has a factor of the form 
9(X) = [] (x - Gv) € KIX], 
jeA 


where A is a subset of {0,1,...,p — 1} having 1 < r < p—1 elements. If 
R= VicaJj, then Chor = f(0) € K. Denote by X the minimal positive 
rational integer for which with some a € Z we have 


a gA 
no. es 
Writing p = a\ +6 with a,b € Z,0<b< A —1 we obtain 
gy? = (H)29°, 


and thus ¢, aayb € K, which is possible only in the case b = 0. Hence A 
divides p, thus either \ = 1, or A= p. 

If \ = 1, then € = C30 € K is a root of g, hence also of f, so ? = 7, as 
asserted. If \ = p then in view of p= A <r < p—1, we have a contradiction. 

(ii) If p = 2, or one of the a,’s is a p-th power in K, then the assertion is 
obvious, so assume that this is not the case. 

Let L = K(al/?) = K(al/”), and put Mo = K(G),M = Mo(aj’”) = 
L(¢,). The extension M/Mpo is generated by a root of X? — aj, so either 
ay! P & Mo, or M/Mp is cyclic of degree p. In the first case we would have 


p= deg j¢ ay!” < degy G <p-1, 


a contradiction. Therefore only the second case has to be considered. 
Write 
pol ; 
ay!” = So dja!” 
= 
with A; € Mo, and let g be that automorphism of M/Mpo which maps ai! P 


onto ¢,a;/”. Then for a certain r with 1 <r < p—1 we must have g(as!”) = 
¢ras!”. But then 
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p-l p-l p-1 
; 1 j 1 ee 1 
S- dyChat!” ~ S~ dj 9(ai!”) = g(az!”) = Ae = S- GG a 
j=0 ;=0 j=0 


hence we must have A; = 0 for j # r. This gives a,!? = Anaa!/? and ag = Aa}. 
Since AP? lies in K’, we have either (5, € K for a certain s, or the degree of 
A, over K equals p, but this is impossible in view of [Mp : K] < p—1, and 
so we arrive at our assertion. 

(iii) Write Ko = K and Kj41 = K;(a}/”) for j =0,1,...,m—1. Observe 
that it suffices to show that the extensions K,,1/K; are all of degree p. If 


this were false for a certain 7, then by (i) the element c = Gas would lie 


in K;. Let ¢ be the minimal index for which c € K;,. In view of t > 1 we 
have Ky = Ky-1(c), and (ii) gives aj41 = Pak for a certain \ € Ky_1 and 
1<r<p-—1l. Note that ? lies in K. Let t, be the minimal index for which 
A € Ki. If t; =0 then A € K, contradicting the p-independence of the a,’s. 
Thus t; > 1, hence Ky, = Ree -alag”); and again we get \? = Afa;" for a 
certain A; € Ky,-1 and 0 <r; <p—1, thus a;41 = \fa;' af. Proceeding in 
this way we finally arrive at 


og ee Neg hahise yt 
Ajp1 = Azazays +++ Ay? 


with A, € K, and not all exponents r; divisible by p, contradicting the p- 
independence of the a,’s. O 


The theorem follows now immediately. O 


Corollary. Let p be a rational prime, and K an algebraic number field. Then 
the equality If = Ipn Iz. holds, i.e., every element of K* which is a p-th power 
in every completion of K is a p-th power in K*. 


Proof : Let (ty) € In NI. Then x, = x € K*, and x = y? holds for every v 
with a certain y, € Ky. Multiplying x, if necessary, by a suitable p-th power 
we may assume that x lies in Rx. Now let q be a prime ideal in Rx not 
containing z, and having degree 1 over Q. Then with a suitable yg € Rx the 
congruence x = y; (mod q) holds. This implies 


(2) = 2(N(4)-1)/p =yN()-1 = 1 (mod q), 
P 


(i) 


holds for almost all prime ideals q of degree 1 over Q. By the last theorem 
this can happen only if the set {x} is not p-independent, but this means that 
z is a p-th power in K™. O 


and thus 
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6. Our final application concerns the structure of Ry as an Rx-module for 
an extension L/K of degree n. 

In the case K = Q the description is simple, as then Ry is a free Z-module 
with n free generators, and by Theorem 1.32 the same happens if h(K’) = 1. 
In the general case this theorem shows that Ry is isomorphic, as an Rr- 
module, to Ri 1 ® I, where I is an ideal of Rx. Thus by Theorem 1.39 the 
isomorphism type of Ry is determined by n and the class of I in H(K). This 
ideal class is denoted by Cx (L), and called the Steinitz class of L/K. We 
shall now describe it in terms of the discriminant 0(L/K), and this will allow 
us to answer the question, when Ry is a free Rx-module. 

To state the theorem we first define a homomorphism of I? Io/Uj, onto the 
class-group H(K). Denote by ¢ the isomorphism of Ix /IpUx onto If /IGUK 
induced by the map a+> a? in Ix, and let t; be the surjective homomorphism 
of I?-Ip/Uz, onto I?%-Io/UZ-Ip induced by (ay) +4 (xy) mod Ip. Moreover, 
define a homomorphism v9 : I?- —> 1},/I? putting for € = (xy) € TiIo 


v9 (€) = (a>) mod Ip. 


This is well-defined because if (x2y) = (X2Y) with (z,),Xv) € Ix and 
(y), (Y) € Ip, then by Corollary to Theorem 7.40 one has 


(a, Xo) = (Yy"*) € Tk No = IG, 


thus the class (x2) mod J? is determined by € in a unique way. Because of 


Ker vp = Ip the map vp induces an isomorphism of I 2-Io [ Io onto Tig / Te Fi- 
nally observe that vp induces a homomorphism of I?,Ig/U}-Ip onto 17, /UI5, 
which we shall denote by uo. 

Let now u be the homomorphism of I?-Io/Uz onto H(K) obtained by 
the composition of the following maps: 


P2eIp/U2 24 T2-Ip/U2Iy 2° 12,/U22 “> Ix /Urlg 2+ H(K), 


where to denotes the natural homomorphism. 
Having defined the map u we may now state the principal result of this 
subsection. 


Theorem 7.42. For every finite extension L/K of algebraic number fields 
we have 
Cx(L) = u(O(L/K)), 


and if O(L/K) = aI?U2, (a € Ip, I € Ix), then Cx(Z) is the class in H(K) 
containing the ideal induced by the idele I. 


Proof : Let M be a torsion-free and finitely generated Rx-module, and de- 
note by V the linear K-space spanned by M. Put n = dim, V, and let 
N be a torsion-free Ry-module spanning the same space V. If v is a non- 
Archimedean valuation of K, then we can consider the R,-modules M, and 
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N, generated by M and N, respectively, in the n-dimensional K,-space 
Vy = V ®xK Ky. Since R, is a principal ideal domain the resulting mod- 
ules are free, and so there is an automorphism of V, mapping N, onto M,. 
Denote by d, the determinant of that automorphism, and observe that it is 
determined by M and N up to a unit factor from R,. It follows that the ideal 
in R, generated by d, is determined uniquely by M and N. Let us denote 
this ideal by [N : M],. 


Lemma 7.43. If M,N,S are finitely generated torsion-free Rx -modules 
spanning the same linear K-space, and v is a non-Archimedean valuation 
of K, then 

() [M: M]y = Ry, 

(ii) [M: N].[N : S], =[M: Slo, 

(iit) The inclusion My C Ny implies [N: M]y C Ro, 

(iv) For almost all v one has [M: N]y = Ry. 


Proof : Assertions (i) and (ii) are immediate. To prove (iii) it suffices to 
observe that the elements of a free R,-basis of M, are linear combinations 
with coefficients from R, of the elements of a similar basis of N,, and this 
implies d, € R,. To prove (iv) consider non-zero a,b € Re withaM CN 
and bN Cc M. Now (ii) and (iii) imply 


[N:M],[M:aM], C Ry, [M: N]y[N : ON], C Ry. 


It follows from the definition that [M:aM], =a"R,, [N:bN], = b" Ry, 
thus for almost all v we have [M : aM], =[N: 0N], = Ry. Hence for these 
v, [M:N], C Ry, and [M: N]j>1=[N: M], C Ry, implying [M : N],, as 
asserted. O 


Part (iv) of that lemma implies that the product [],[M : N], is a frac- 
tional ideal of K. Let us denote it by [M : N]. Its main properties are given 
in the following lemma: 


Lemma 7.44. Under the assumptions of the preceding lemma we have: 
(i) (M: M] = Rx, 
(it) [M: N][N: S|] =[M: SI, 
(iit) If M CN then[N: M|C Rx, 
(iv) If M and N are fractional ideals in K then [M:N] = M—!N. 


Proof : Assertions (i)-(iii) follow immediately from Lemma 7.43. To prove (iv) 
observe that M, and N, are fractional ideals in K,, and so the automorphism 
mapping N, onto M, has the form x +> a,x for a certain a, € Kj. Therefore 
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we get [M: N], = ayRy, thus [M : N], = N,M,", and (iv) results from the 
definition of [M : N]. | 


Now let Fi, Fp be two free Rx-modules spanning the same K-space V 
as M. By Lemma 7.17 (ii) we have [Fi : M] = [Fi : Fo|[Fo : M]. Since 
F\, F> are free, there is an isomorphism of F, onto F2 which can be extended 
to an automorphism f of V, and also, for every non-Archimedean v, to an 
automorphism f,, of the corresponding K,-space V,,. Now note that the image 
of d = det f in K, equals det f,, hence [F, : Fy], = dR,, and we get [F; : 
Fy) = dRx. We see thus that [F, : M] and [F) : M] lie in the same class of 
H (4s), and this class depends only on M. Denote it by Cl(M). 


Lemma 7.45. (i) If I is a fractional ideal of K then I € Cl(J), 
(ti) CUM, © M2) = Cl(M;)Cl(Ma), 
(iii) If M = Ri' @I with an ideal I of Re then I € Cl(M). 


Proof : (i) In this case Rx is a free Rx-module spanning the same space as 
I, thus [Rx : I] € Cl(J), and it remains to observe that Lemma 7.45 (iv) 
implies [Rx : I] =I. 

(ii) Let F\, Fp be free Rx-modules spanning the same spaces V;, Vo as My; 
and Mg, respectively. Then the free Rx-module F) @ Fy spans the same space 
Vi ® V2 as M, © Mg, and the corresponding fact is true also for (Fi ® F2),y 
and (M, @ M2)y. Moreover, if (dj), is the determinant of the automorphism 
of (V;)y induced by (Fi)y —> (Mji)y (i = 1,2), then the determinant of the 
automorphism of (V; @ V2), induced by (Fi ® Fa)y —> (Mi @ Mo), equals 
(d1)v(d2)y, which gives 


[Fi ® Fo, My ® My] = [F1, Mi). [F2, Meo, 


and this implies (ii). 


The assertion (iii) follows easily from (i) and (ii). O 


We can now conclude the proof of our theorem. Let a1,...,a, be an ar- 
bitrary K-basis of DL, and let D € K™ be its discriminant. Let M be the free 
Rx-module generated by this basis, and choose an idele (z,) € Ix represent- 
ing the discriminant 0(L/K) (which is an element of Ix /U?-, and even, as 
the proof of Theorem 6.31 shows, of [?-Ip/U?,). Now consider, for every non- 
Archimedean valuation v of K, a basis {b;} of the R,-module @,,cp, Ru; 
where FE, is the set of inequivalent extensions of v to L, and Ry is the ring of 
integers of L,,. Denote the discriminant of this basis by d,. We can express 
the 6;’s in terms of the a;’s, and let D, be the determinant of the matrix 
involved. Then 

dy = D?D. (7.34) 
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Now we apply the homomorphism wu to 0(L/K) looking at the behaviour 
of € = (dy). We have t;(€) = € mod U?-Ip, but since D is principal, (7.34) 
implies t1(€) = (D2?) mod U2-Ip. Applying uo we obtain (D?) mod U2. I3, and 
it remains to show that this element is carried into Cx (L) by tzot~!. To this 
end observe that [M : R;] is the ideal induced by the idele (Dy), Cx (L) is 
the class containing [M : R,], and the image of this class under t is the coset 
of Uz-I? in I? containing (D?). 0 


Corollary 1. The ring Rr is a free Rx -module if and only if u(O(L/K)) = 1, 
i.e., if O(L/K) has a representative in Ip. O 


The next corollary gives an explicit formulation of Theorem 6.31: 


Corollary 2. If C is the class in H(K) containing d(L/K), then C = 
Cr(L)?. 


Proof : Note that C contains the ideal induced by any representative of 
O(L/K), Cx(L) contains the ideal induced by the idele (D,), and apply 
(7.34). O 


Corollary 3. If the extension L/K has a relative integral basis, then the 
discriminant d(L/K) is principal. In the case of odd h(K) the converse im- 
plication holds. 


Proof : If L/K has a relative integral basis, then Cx(L) = 1, and so by 
Corollary 2 the discriminant d(L/K) is principal. If 2 { h(K) and d(L/K) is 
principal, then the same corollary implies Cx (L) = 1. Ol 


We know from Chap. 1 that if h(A) # 1, then there exist non-free finitely 
generated and torsion-free Rx-modules. We show now that for suitable L/K 
the rings Ry have this property. 


Proposition 7.46. If M is an arbitrary torsion-free and non-cyclic Rx- 
module with two generators, then there exists a quadratic extension L/K 
such that Ry is isomorphic to M as an Rx -module. 


Proof : We need a lemma describing explicitly the class Cx(L) for quadratic 
L/K: 


Lemma 7.47. Let L/K be a quadratic extension, write L = K(./a) with 
a € Rr, and let aRxK = Il, pr. For every prime ideal p with even ap 
let sy be the maximal rational integer s such that p® divides 2Rx, and the 
congruence 


gS an,“ (mod p**) 
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is solvable, where Tp, is an element of p \ p?. For remaining prime ideals p 
put 8» =0. Then the class Cx(L) contains the ideal 


2, Rr 
p 
where My denotes the integral part of ay /2. 


Proof : Let us look at the components 0,(L/K) of 0(L/K). If v is Archimede- 
an, then 


_ fsgnF,(a) if v is real, 
OES) = { 1 if v is complex, 


where F,, denotes the embedding of K in Ky, and if v is non-Archimedean 
then 

_ f{1mod U?(K,) _ if py splits in L/K, 
oe oe aa ree JK.) ‘otherwise. 


Consider now the case when the prime ideal p corresponding to v does 
not split, fix 7 € p\p?, and write for shortness m = mp, § = Sp and a = dy. 
If p { 2a, then Theorem 5.15 (i) gives 


0,(L/K) = a mod U?(K,) = (20-™~*)?a mod U?(Ky), 


because in this case m = s = 0, and 2 is a unit in K,. 
If p { 2 and a > 0 is even, then writing a = e(x)? with « € U(K,) one 
sees that K,(,/a) = K,(./e). Theorem 5.15 (i) gives now 


0,(L/K) = € mod U?(Ky) = (207™~*)?a mod U? (Ky), 


since again we have s = 0 and 2 € U(K,). 

If a is odd then the distinction between the cases p|2 and p { 2 is irrelevant. 
Writing a = ex(x™)? with « € U(Ky) we get K,(Va) = Ky(/7e), and 
applying Theorem 5.15 (ii) we arrive at. 


0,(L/K) = 4em mod U?(Ky) = 4a(n~™~*)? mod U?(Ky). 
It remains the case p|2 and 2|a. Here a = ex?™ (€ € U(K,)), thus 
K,(\/a) = Ky (Ve), and by Theorem 5.15 (iii) we get 
O,(L/K) = 4en—?* mod U?(K,) = a(2n—™*)? mod U?(Ky). 
These results show that 0(L/K) = aé? mod Uz, where € = (zy) with 
Gis = { Qnty? * if v is non-Archimedean, 
1 otherwise. 


Indeed, one has only examine the v-component for those v for which p = py 
splits in L/K. If p { 2 then sy = 0 and a is a square in Ky, say a = b?. 
Then ax? = 4b?x—™» mod U?(K,). Obviously 2b7~™ lies in U(K,), and so 
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az? = 1 mod U?(K,), hence 0,(L/K) = ax? mod U?(K,). If p|2 then ax~* 
is a square, say b’, in K,. Thus p*|2 and p*t1 { 2. Now 


ax? = 4a(n~*-™)? mod U?(K,) = (2b7~*)? mod U?(K,) = 1 mod U?(K,), 


as required. 

Finally, observe that by Theorem 7.42 Cx(L) coincides with u(0(L/K)), 
which equals the class in H(A) containing the ideal induced by the idele €, 
and this ideal is equal 

A ama Oo 
p 


To prove the proposition it remains to show that to every class C € H(K) 
there exists a quadratic extension L/K with Cx(L) = C. To this end write 


T= [[p, 
2€p 


and let q; € C~! be a prime ideal not dividing I. Select a prime ideal qo, 
not dividing q,J, for which the product Iq?qz2 is a principal ideal, generated 
by a, say. Now put K = K(./a). According to the lemma the class Cx (L) 
contains the ideal 

Il p °P ee 


plaRx 


and for p dividing aRx we have sy = mp, = 0 with the single exception of 
p = q1, in which case sy = 0, mp = 1. Hence qi. lies in Cx (ZL), and we get 
C =Cx(L). oO 


Corollary. The equality h(K) = 1 holds if and only if every quadratic ex- 
tension of K has a relative integral basis. O 


The last proposition shows that the Steinitz classes Cx(L) cover H(K) 
when L ranges over all quadratic extensions of K. An analogous result for 
normal extensions of a fixed odd degree fails to hold in general, as can be 
seen from the following result of McCulloh [66]: 


Proposition 7.47. Let N be an odd integer, and denote by Ty the greatest 
common divisor of numbers (p—1)/2, when p runs over all prime divisors of 
N. Assume that Ty has an odd prime divisor q, and choose a field K with 
q|h(K). Then there is a class in H(K) which is not the Steinitz class of any 
normal extension L/K of degree N. 


Proof : If L/K is normal of degree N, then by Corollary 1 to Proposition 6.9 
we have d(L/K) = I?™® with a certain ideal I of Rx. If X is the class of I 
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in H(K), then by Corollary 2 to Lemma 7.45 we get Cx(L)* = X?7%. Since 
q\(In,h(K)) and q is odd, we see that Cx(L) must be a q-th power, thus 
lies in a proper subgroup of H(K). Oo 


Note that in view of a result of Nagell [22], which we shall prove in the 
next chapter (see Theorem 8.25), one can take for K a suitable imaginary 
quadratic field. 


7.4. Notes to Chapter 7 


1. The first application of Dirichlet series to number theory was given by 
Dirichlet [37a,b], [38], [39]. He used the functions L(s,y), which in our ter- 
minology are zeta-functions attached to Dirichlet characters. The first sys- 
tematic use of ¢(s) was made by Riemann [60]. Dedekind’s zeta-function was 
introduced in Dedekind [71], although in certain special cases it appeared 
already in Eisenstein [44b]. Dedekind established the existence of the limit 
lim,-41(s — 1)¢x(s), and its connection with the class-number. Landau [03a] 
was the first to continue ¢x(s) beyond the line Re s = 1 to the open half- 
plane Re s > 1—[K : Q|~!. Hecke [17a] proved that Dedekind’s zeta-function 
can be extended to a meromorphic function in the complex plane, and found 
the functional equation for this function (our Theorem 7.3). For some fields, 
including pure cubic and Abelian extensions of Q this has been known earlier 
(cf. Dedekind [00], Hurwitz [82]). Other proofs of Theorem 7.3 were given in 
Miintz [24], Siegel [22b] and Tate [50]. The proof given by us follows that of 
Tate. A version of Hecke’s proof appears in Neukirch [92]. 


2. A simple product formula for the residue he of ¢x(s) was given in Wintner 
[46b] (see also P.Cassou-Nogués, Fresnel [79]). Corollary 4 to Theorem 7.3 was 
improved consecutively in Siegel [69a], Lavrik [70] and Lavrik, Edgorov [75]. 
Lavrik showed that one can take (2/3)” for the constant occurring in that 
corollary. For pure cubic fields the bound h(K)R(K) < (WDlog D)/(6V3) 
was obtained in Barrucand, Loxton, Williams [87], who removed the factor 
log log D from a bound proved by H.Cohn [56b]. For explicit upper bounds 
for hk see also Hoffstein [79] and Louboutin [98b], [00]. A lower bound was 
given in Le [95] in the case of Abelian extensions with odd degree. For pure 
extensions of prime degree see Barrucand, Louboutin [93]. 

A discussion of various ways to generalize results about ¢(s) to ¢x(s) was 
given in S.Lang [71]. 


3. Zeta-functions with arbitrary Hecke characters? were introduced by He- 
cke [18], who also proved Theorem 7.9. He utilized the language of ideal 


° The name Hecke character appears first in Weil [74]. Hecke called them Gréssen- 
charaktere, i.e. characters of magnitude. 
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numbers. The modern approach is due to Weil [36], [51]. Cf. Hasse [54b], 
Tate [50]. Our proof of Theorem 7.9 is modelled upon Tate [50]. This method 
was independently found by Iwasawa, but not published (see Iwasawa [92]). 
For an interpretation of this result in terms of distributions see Weil [66]. 

The Hilbert-Ostrowski theorem (Ostrowski [20]) states that ¢x and its 
derivatives form an algebraically independent set. Popken [66] proved that 
¢x(s) cannot satisfy an algebraic difference-differential equation, and stud- 
ied also the algebraic independence of sets of Dedekind zeta-functions of 
quadratic fields over the ring of polynomials with complex coefficients (cf. 
Reich [82]). If Ky,...,&m are distinct normal fields, then their Dedekind 
zeta-functions are linearly independent (Nicolae [00]), and Voronin [75b] es- 
tablished functional independence for finite families of Dirichlet L-functions. 

It has been proved in Voronin [75a] that every regular function on the 
complex plane can be uniformly approximated by translations of Riemann’s 
zeta-function, and the same holds for Dirichlet’s L-functions (cf. Laurincikas 
(96]). It turned out later that the same property have Dedekind’s zeta func- 
tions (Reich [80], [82]) and zeta functions associated with Hecke characters 
(Mishou [01], [03]). 


4. Corollary 5 to Theorem 7.3 is due to Perlis [77a]. Fields satisfying its 
assumptions are called arithmetically equivalent . The first examples of such 
fields (of degree 180) were constructed by Gassmann [26]. One says that 
a field K is solitary, if the only fields arithmetically equivalent to K are 
isomorphic to K. It has been shown by Perlis [77a] that every field of degree 
< 6 is solitary, and later it turned out that also fields of degree 9 and 10 are 
solitary (Rzedowski-Caldéron, Villa-Salvador [96]), whereas there are non- 
solitary fields of degrees 7 and 8 (Perlis [77a]). 

Arithmetically equivalent fields may have distinct class groups. Perlis, de 
Smit [94] showed that this happens for Q(./—15) and Q(/—240) (cf. de Smit 
[98]). Also the norm-sets Nx /g(Rx) may be different (Coykendall [00]). Perlis 
[77b] proved that two fields K, L of odd prime degree p are arithmetically 
equivalent if and only if the degree of their composite is less than p”. It follows 
from a conjecture of Wielandt (see Cameron [72]), which is now a theorem 
(see Th.1.51 in Gorenstein [82]), that there do not exist three pairwise non- 
isomorphic arithmetically equivalent fields of odd prime degree. 

For further results concerning arithmetically equivalent fields see Jacob- 
son, Vélez [90], Klingen [78], Komatsu [76c], [78], [84], Perlis [78], [85], Perlis, 
Schinzel [79], Stuart, Perlis [95]. For generalizations to relative extensions 
see Klingen [78], Nagata [86]. The theory of arithmetically equivalent fields 
is presented in the book of Klingen [98]. Another types of field equivalence 
were introduced in Somodi [02], and Sonn [85] (cf. Lochter [93]). 


5. If x(Z) = xi(1)N(1)* is a Hecke character of conductor f, x1 is proper, 
s € Q, and in the formula (7.11) applied to x; we have a, = 0 for all v, then x 
is called a character of type (A). If moreover, for totally positive x = 1 mod f 
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one has 


x(2) = + Il Cae 
VES oo 

with ry,s, € Z, then x is called a character of type (Ao). These characters 
were introduced by Weil [56], who showed that characters of type (A) have 
algebraic values, and the values of characters of type (Ao) associated with 
a field K lie in a fixed algebraic number field L = L(K). The converse was 
established by Waldschmidt [81]. In Rohrlich [80c] zeta-functions of these 
characters were studied. There are deep relations between zeta-functions of 
such characters and certain zeta-functions of Abelian varieties, established 
by Taniyama [57]. 

These characters, and the corresponding zeta-functions were later stud- 
ied in Iwasawa [75], Jensen [60], Kubert [85], Kubert, Lichtenbaum [83], 
C.G.Schmidt [80]. Lichtenbaum [82] presented a conjectural formula for 
¢(0, Ja), and his conjecture has been proved by Brattstrém [82] for real 
Abelian fields, by Brattstrém, Lichtenbaum [84] for complex quadratic fields 
with odd class number, and by Anderson [86] for totally real fields and CM- 
fields. Anderson actually deduced Lichtenbaum’s conjecture from a conjecture 
of Deligne [79], which in the considered cases is now a theorem. For totally 
real fields this follows from Siegel [80], and for C'M-fields it has been done 
by Blasius [86]. For an exposition see Schappacher [88]. 

Weil [52a] showed that Jacobi sums (introduced by Jacobi [46] in certain 
special cases) are in fact Hecke characters. They are defined as follows: let 
m > 2, K = Q(¢n), choose an unramified prime ideal p in Rx and put 
p = N(p). Let ym be the m-th power character mod p, i.e., 


Xm(e)"=1 and ym(«)=2"-Y/™ (mod p). 


For any a = [a1,...,a,| with a; € Z/mZ put 


Ja(p) a (=lye" S > Xm(a1)™ mae Xm(zr)?", 


the summation extended over all 71,...,2, mod p satisfying > 21 = —1 mod 
p, and extend J, by multiplicativity to all ideals of Rx, prime to mRx. 
Weil showed that J, is a Hecke character for all a # [0,0,...,0] (cf. Hasse 
[54b]). In Weil [74] this construction was extended to the case of arbitrary 
Abelian number fields. For conductors of these characters see R.F.Coleman, 
McCallum [88], Hasse [54b], Miki [94], Prapavessi [91]. Fields generated by 
Ja(p) were determined in Aoki [96]. 

If & is an elliptic curve with complex multiplication, then its L-function is 
expressible by zeta-functions of Hecke characters. This has been established 
by Deuring [53]. For an exposition see Gross [80]. There is a large literature 
concerning these functions, and the reader is advised to consult the book of 
Silverman [94]. 

Weil [52b] established an explicit formula for the limit 
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where 


&(s) = : F(x) exp((s — 1/2)x)dz, 
[oe 

F is a complex-valued function satisfying suitable regularity conditions, and 
p runs over all zeros, satisfying 0 < Re p < 1, of a zeta-function associated 
with a Hecke character (see also Barner [81], Haran [90], Yagi [72]). The book 
of S.Lang [64] has a chapter devoted to this formula. 

For the proof of Theorem 7.3 see Tate [50] and Tatuzawa [73b]. 

The scalar product of zeta-functions of Hecke characters y; and y2 is 
defined by 
S- x11) x2(J) 


Z(8,X1,X2) = N(Ds ’ 


N(D)=N(J) 


and a similar definition is used in the case of more characters. Vinogradov [65] 
continued this function to the half-plane Re s > 1/2, and Kurokawa [78a,b], 
[86] obtained a necessary and sufficient conditions for the scalar product to 
be meromorphic in the case when all characters of finite order. The general 
case was treated in Moroz [82], who in [88] treated also scalar products of 
more general functions. For further results dealing with scalar products see 
the book of Moroz [86]. 

7. An important class of functions was introduced by Artin [24], [30b] and 
they are now called Artin’s L-functions. Every such function is associated to 
a normal extension L/K and a character x of a finite-dimensional represen- 
tation of Gal(L/K), and is denoted accordingly by L(s,x, L/K), or simply 
by L(s,x). If L/K is Abelian and x is a character of an irreducible repre- 
sentation, then L(s,x) coincides with the zeta-function of a suitable Hecke 
character of finite order. 

Accounts of the theory of Artin’s Z-functions may be found in Hasse [26c], 
Heilbronn [67], Koch [90] and Martinet [77a]. Therefore we limit ourselves just 
to few remarks. It was shown by Brauer [47b] that every Artin’s L-function is 
a product of powers (with rational integral exponents) of zeta-functions cor- 
responding to Hecke characters of finite order in various fields, and thus, by 
Theorem 7.9, is meromorphic. Artin conjectured that they are entire, with 
some explicitly given exceptions. Class-field theory implies the validity of 
this conjecture for characters of one-dimensional representations, and Artin 
himself established it for monomial representations. In the two-dimensional 
case the occurring representations can be partitioned into four families — 
dihedral, tetrahedral, octahedral and icosahedral. Artin’s conjecture in the 
dihedral case was established by Artin [24] himself, and for tetrahedral rep- 
resentations it was proved by Langlands [70] (for expositions of his proof see 
Gelbart [77], Gérardin, Labesse [79]), who also showed its truth for certain 
octahedral representations, and Tunnell [81] proved it in the octahedral case. 
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For certain classes of icosahedral representations the truth of Artin’s conjec- 
ture was established in Buhler [78], Buzzard, Dickinson, Shepherd-Barron, 
Taylor [01], Kiming [94], Kiming, X.D.Wang [94], Ramakrishnan [91], Taylor 
[03]. In the general case Artin’s conjecture would follow from Langlands con- 
jectures concerning automorphic representations of GL,. See Gelbart [84] on 
this topic. 

For other results related to Artin’s conjecture see Aramata [39], Foote [90], 
Foote, Wales [90], V.K.Murty [88], Sato [77], Uchida [75], Vinogradov [71], 
[73], van der Waall [73], H. Yoshida [77]. For a survey see Prasad, Yogananda 
[00]. 

Artin’s conjecture is related to a question, considered in a special case 
already by Dedekind [00], and stated by Artin [23], whether the quotient 
¢1(s)/Cx(s) is entire in case K C L. If L/K is normal then a positive answer 
gave Aramata [31], [33] and Brauer [47a]. See also Foote, Murty [89], Ishida 
[57], van der Waall [74b], [75], [82]. 

A similar conjecture has been posed by Brauer [73], who asked whether 


the ratio 
61(8)Ce(s) 
Cx, (8)CK2 (8) 
is entire, where L is the composite of the fields K, and Ko, and k is their 
intersection. He showed that this is true if K;/k are normal for i = 1,2. In 
the general case only partial results are available (Sato [82], [83], [85], [86], 
van der Waall, Sato [93]). 

The functional equation for Artin’s L-functions contains a term W(x) 
of absolute value 1. It is called the Artin’s root number. Hasse [54a] posed 
the problem of factorization of W(x) into local factors, and a solution was 
given, up to sign determination, by Dwork [56]. A complete solution has been 
announced in Langlands [70]. Another proof was given by Deligne [73] (cf. 
Deligne [76], Lakkis [66a], Tate [77]). 

If the character x is real-valued then W(x) = +1, and it was shown in 
Fréhlich, Queyrut [73], that if y is a character of a real representation, then 
W(x) = 1, but otherwise W(x) = —1 may occur. In Chap. 4 we noted the 
connection of the sign of W(x) with the problem of the existence of normal 
integral bases. 

For analogues of Gaussian sums associated with local factors of the root 
number see Frohlich [83c], Frohlich, Taylor [80], Martinet [77a]. Analogues of 
Jacobi sums have been considered in Bushnell [77a], Frohlich [76b], [77c]. 

Stark considered in a series of papers (Stark [75aj, [76a], [80]) the values 
of Artin’s L-functions and their derivative at s = 0 and s = 1, and pro- 
posed certain conjectures. For Abelian extensions of totally real fields and of 
imaginary quadratic fields they are consequences of results of Siegel [70]. For 
expositions see Stark [82] and the book of Tate [84]. Proofs in special cases 
were obtained in Chinburg [83a], Sands [84a,b], [85], [87]. See also Bae [92], 
Chinburg [83c], Fréhlich [89], Stark [77a,b], Tate [81a,b]. 
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For other results on Artin’s L-functions see Barrucand [71], Goldfeld [73], 
Lagarias, Odlyzko [79], Odlyzko [77], Serre [7la], Suetuna [35], [36], [37], 
Weinstein [79], [80]. 

A still more general class of zeta-functions was introduced by Weil [51], 
who defined the Artin-Hecke functions, associated to characters of represen- 
tations of a group Gz; defined for normal L/K as a certain extension of 
C(L) by Gal(L/K). They satisfy a functional equation, found by Tamagawa 
[53]. See Jehne [54], Lakkis [66b], [67], Tamagawa [51], Weil [71], [72]. 


6. An important class of functions, the Selberg class S, encompassing many 
zeta-functions occurring in number theory, has been introduced by Selberg 
[92]. It consists of all functions F'(s) having the following properties: 

(i) In the half-plane Re s > 1 F is the sum of an absolutely convergent 
Dirichlet series >... ann, 

(ii) For every positive € one has a, = O(n‘), 

(iii) For certain integer m > 0 the function (s —1)”F(s) is entire of finite 
order, 

(iv) F satisfies a functional equation of the form 


G(s) = wH(1 — 3), 


where |w| = 1, and 


(8) = Q [[ TOss + us) F(s), 


j=l 


with some positive numbers Q, A; and py; lying in the half-plane Re s > 0, 
(v) One has 


log F(s) = > bnn *, 
n=1 


where b(n) vanishes, unless n is a prime power, in which case b(n) = O(n®) 
with some 6 < 1/2. 
The sum 2 j=1 A; is called the degree of F and is denoted by dp. 
Selberg proposed important conjectures concerning functions from the 
Selberg class: 


(A) If F €S, then with a positive integer np one has 
lap|? as 
> — = np loglogr + O(1), 
pe 


and if F is primitive, i.e. cannot be written as a non-trivial product of two 
functions in S, then np = 1. 
(B) If F,G ES are both primitive, and G(s) = S77~_, bnn~*, then 
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Apbp 


(C) (The degree conjecture) If F € S, then dr is a non-negative integer. 


It follows from a result of Richert [57] (see also Conrey, Ghosh [93]) that 
the degree conjecture holds in the case 0 < dr < 1, and in Kaczorowski, 
Perelli [99a,V] this has been extended to the range 0 < dp < 5/3. 

It turned out (Kaczorowski, Perelli [99a,]]) that if F ¢ S and dr = 1, then 
F is a shift of a Dirichlet Z-function associated with a primitive character 
(for another proof see Soundararajan [03]). 

Conrey and Ghosh [93] proved that every non-constant function in S can 
be written as a product of primitive functions, and, moreover, the Selberg 
conjectures imply that this representation is unique. 

These conjectures are very powerful, as they imply a part of Langland’s 
conjectures, and also Artin’s conjecture, which states that all non-trivial 
Artin L-functions are entire (M.R.Murty [94]). 

For another conjecture, proposed by Sarnak see Kaczorowski, Perelli 
[99a,II]], Vorhauer, Wirsing [01]. 

More about the Selberg class may be found in surveys of Kaczorowski, 
Perelli [99b] and M.R.Murty [94]. 


7. For the history of Corollary 2 to Proposition 7.12 see Narkiewicz [00]. 

Zeta-functions satisfy also certain approximate functional equations. For 
the Riemann zeta-function such an equation has been given by Hardy and 
Littlewood [23], but actually it goes back to Riemann (see Siegel [32]). For 
Dedekind zeta-functions of Abelian fields this was done by Gelfond [60], and 
for a large class of zeta-functions including all Dedekind’s ¢x(s) such equa- 
tions were obtained in Chandrasekharan, Narasimhan [62b], [63] and Lavrik 
[68] (cf. Kaufman [78b]). 

Theorem 7.15 for Dirichlet’s Z-functions is due to Dirichlet [38], and its 
general form is due to Hecke [18]. A proof based on class-field theory may be 
found in the book of Weil [67] (Chap. XIII, Th.11). 

The Great Riemann Hypothesis (GRH) asserts that no zeta-function of 
a proper Heche character has a zero in the open half-plane Re s > 1/2. It is 
also conjectured that all zeros on Re s = 1/2 are simple. The largest zero- 
free region for ¢x(s) was obtained by Mitsui [68] and Sokolovskii [68]. They 
proved that ¢x(o + it) 4 0 in the region 


o > 1—Clog~?/* t(loglog t)~1/3,__|t| > to 


with suitable positive constants C and tp depending on K (for earlier results 
see Landau [19b], [24a]). It was shown by Bartz [78] that one can take to = 4 
and C = cn~!"|d(K)|~3, with n = [K : Q| and c independent of K. See also 
Werbiriski [88]. 
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A similar zero-free region has been established by Hinz [80] for zeta- 
functions of every Hecke characters y of finite order. In this case the involved 
constants depend additionally on the conductor of x (see also Bartz [85]). 
The case of characters of infinite order has been considered by M.D.Coleman 
[90]. 

The first bound for values of the Dedekind zeta-function appeared in 
Landau [03a]: ¢x(1 + it) = O(log |t|). SokolovskiY [68] improved this bound 
to O(log?/® |t|). Lower bounds for ¢(1, x), where x is a character of the class- 
group, gave Landau [19a]. For other bounds for ¢x(s) and certain other zeta- 
functions in the strip 0 < Re s < 1 see Bartz [88], Bartz, Stas [86], Heath- 
Brown [88], Hinz [79], Kaufman [78a,b], [79], Motohashi [70], Stas [76], [79], 
Weinstein [77], Wieczorkiewicz [79]. 

Asymptotics for fo lCx (1/2 + it)|?dt was found in Miiller [89a]. 

Large values of |¢x(s)| for quadratic K were considered in Balakrishnan 
[86], who generalized a result of Montgomery [77], dealing with Riemann’s 
¢(s). 

Mean values of the functions ¢(s, x), where x are characters of H(K) for 
imaginary quadratic fields K were studied in Duke, Friedlander, Iwaniec [95]. 


8. Denote by Nx(o,T) the number of zeros p of ¢x(s) satisfying Re p > 0 
and |Im p| < T, each counted according to its multiplicity. From GRH the 
equality Nx(o,T) = 0 follows for o > 1/2, and so it is of interest to obtain 
unconditional upper bounds for Nx(o,T). The best result here is due to 
Heath-Brown [77], who for every « > 0 got 


Nx(o,T) K T*9O-%) log® T, 


with C = C(e,K) and n = [K : Q| > 3, uniformly for 1/2 < o < 1, and 
obtained a similar result in case n = 2. The Density Hypothesis, which is 
weaker than GRH, claims that 
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holds uniformly for 1/2 < o < 1 with C = C(e,K). In the case K = Q the 
Density Hypothesis for o > 11/14 was established by Jutila [77], who also 
proved it for o > 21/26 for Abelian fields. Cf. Heath-Brown [77], Sokolovskii 
[66], Wieczorkiewicz [80]. 

Similar questions for various classes of zeta-functions have been studied in 
Bartz, Fryska [89], Bulota [63], [64], Duke [89], Fogels [65], [71], [72], Hilano 
[74], Hinz [76], Johnson [79], Maknis [75a,b], [76]. 

A lower bound (> T®/1) for the number of simple zeros p in the rectangle 
0<a0<1,0<t<T of Cx(s) for quadratic K was proved in Conrey, Ghosh, 
Gonek [86], and a much better bound (> TlogT) is a consequence of the 
Riemann Hypothesis. 
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Heilbronn [72], [73] proved that if L/K is normal, then every real simple 
zero of Cx(s) is already a zero of a Dedekind zeta-function of a quadratic ex- 
tension of K contained in L. It is an old unsolved question whether Dedekind 
zeta-functions of quadratic fields may have zeros in the interval (0,1). This 
question is related to the magnitude of the class-number (see Chap. 8). It has 
been proved in Conrey, Soundararajan [02] that for at least 20% of negative 
even quadratic discriminants the function ¢x(s) does not have real zeros. 
Moreover, this is true (Watkins [04a]) for all imaginary quadratic fields K 
with d(K) < 3-108. Cf. Callial [80], P.Chowla [74], S.Chowla [36], Chowla, 
Erdés [51], Chowla, Hartung [74b], Chowla, de Leon [74], Chowla, de Leon, 
Hartung [73], Heilbronn [37], Louboutin [03], Low [68], Purdy [72], Rosser 
[49]. 

For fields of higher degrees the equality ¢x(1/2) = 0 may well happen, 
as the example K = Q(a, b,c) with a = V5, b = V41, c= \/(5 +.a)(41 + ab) 
shows, found by Armitage [72]. The fact that zeta-functions of a large class 
of Hecke characters do not vanish at s = 1/2 has been established in Mont- 
gomery, Rohrlich [82] and Rohrlich [80a,b]. 

Landau [19b] showed that there exists C = C(n) such that for any real 
T all Hecke zeta-functions of a field of degree n have a zero in the rectangle 
1/2 < Res <1,T <Ims < T+C, and later Siegel [72a] proved that C 
may be taken independent of n. Let z(K) be the minimal imaginary part 
of a zero of Cx(s). It was proved by Neugebauer [88] that for fixed [K : Q| 
one has z(K) < 1/log log log |d(K)|. In Tollis [97] it has been conjectured 
that z(K) < C/log |d(K)|, where C depends only on the degree of K, and 
Omar [00] showed that GRH leads to the bound z(K) < 1/ log log |d(K)|, 
with the implied constant depending on the degree of K. Evaluations of z(K) 
for totally complex fields with small degrees and discriminants were given in 
Omar [01]. 

In Chowla, Goldfeld [76] several Hecke zeta-functions without zeros in the 
interval (0,1) were found. 

For other results dealing with zeros of zeta-functions see Fogels [63], 
Fryska [79], [91], Fujii [77], Greenberg [85], [87], Haselgrove [51], Hinz [77], 
Hinz, Lodemann [94], Odlyzko, Skinner [93], Rohrlich [92]. 


9. The partial zeta-function of a class X of H;(K) or H}(K) is defined for 
Re s > 1 by 


1 
Z(s,X)= ——., 
(6X) = Do wa 


Theorem 7.9 implies that Z(s,X) can be prolonged to a meromorphic func- 
tion (this is a result of Hecke [17a]). From a result of Potter and Titchmarsh 
[35] it follows that for imaginary quadratic K the function Z(s, X) has in- 
finitely many zeros on the line Re s = 1/2 (cf. Hecke [37]), and the same 
holds also for real quadratic fields (Chandrasekharan, Narasimhan [68], cf. 
Berndt [71a]). For certain other classes of fields see Berndt [70], Czarnowski 
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[82]. Zeros of partial zeta-functions of quadratic fields lying on the critical 
line were considered in Sankaranarayana [95]. A link between the existence 
of an ideal of small norm in X, and real zeros, close to 1, of Z(s,X) was 
established in Friedman [87]. 
Let K be an imaginary quadratic field and let X be a class in H(k). An 
explicit value for 
ao(X) = lim ((s —1)Z(s, X) —k) 


was given by Kronecker [85] (Kronecker’s limit formula). See Siegel [61] for 
a proof and various applications (cf. Ramachandra [64], [69], Shintani [80a], 
Zagier [75a]). For an analogous result in real quadratic fields see Hecke [17d], 
Herglotz [23], Novikov [80], Shintani [77a], . Certain quartic fields were treated 
in Hara [93], Katayama [66] and Konno [88], and the case of CM-fields was 
settled in Konno [65]. Finally, an analogue of Kronecker’s formula for all 
algebraic number fields was obtained by Goldstein [74]. For values of Z(s, X) 
at s = 0 in the case of real quadratic fields see Hayes [90]. 

Partial zeta-functions in totally real fields were treated by Shintani [76a], 
who expressed them as finite sums of simpler Dirichlet series, and in Shintani 
[80b] the same result was obtained for arbitrary fields. 


10. Much attention has been attracted by the values of various zeta-functions 
at particular points, mostly at integers and rationals. It seems that many 
properties of algebraic number fields are encoded in those values. As an ex- 
ample of this philosophy one can take the junction between the vanishing of 
¢x(s) at s = 1/2, and the existence of a normal integral basis in the case 
when K/Q is tame, and has the quaternion Galois group; we discussed this 
in Chap. 4. A very general conjecture relating the values of various zeta- 
functions at integers to integrals of differential forms on varieties appears in 
Deligne [79]. 

The values of ¢(s) at even positive integers have been computed already 
by Euler, and the analogous question for Dedekind’s zeta-function of Q(#) 
has been dealt with by Hurwitz [99]. Later Hecke [21a,I]] considered real 
quadratic K, and asserted that for even s > 0 and every class X € H*(K) 


the equality 
Z(s,X) =r(s,X)n?*\/d(K) 


holds with a certain non-zero rational r(s, X). This clearly would imply a 
similar assertion for ¢x(s), and it would follow from the functional equation 
that for k = 1,2,... the value ¢x(1 — 2k) is rational. Hecke’s assertion was 
established in H.Lang [68], Meyer [67], Siegel [69b] (cf. Siegel [37]). Analogues 
for Z(s,X) with X € Hj(K) have been obtained in the case of totally real 
K by Klingen [62] and Siegel [70]. 

Serre [71b] posed two conjectures concerning the value of ¢x(s) for totally 
real K at negative odd integers. The first asserts that if p is a rational prime 
and p is a prime ideal lying over p in Rx, then the denominator of 
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2k 
MY ca(1 2) 

(where n = [K : Q)), is a power of p for k = 1,2,..., and the second states that 
the ratio ¢x(1—2k)/¢(1— 2k) is a rational integer, divisible by an explicitly 
given power of 2. For Abelian K these conjectures were proved in Fresnel [71] 
and Coates, Lichtenbaum [73]. The first of Serre’s conjectures can be deduced 
from more general conjectures of Lichtenbaum [72] and Coates, Lichtenbaum 
[73], which express, in particular, the exponent of a prime occurring in the 
factorization of ¢x(1 — 2k) (and, more generally, of L(1 — 2k,y,L/K)) in 
terms of p-adic cohomologies. These conjectures were in turn deduced by 
Bayer, Neukirch [79] from the ”Main Conjecture” (see Coates [77], and the 
second edition of S.Lang [78]), which is now a theorem, due to the work of 
Mazur, Wiles [84] (see Coates [81] and S.Lang [82] for expositions), and so is 
Serre’s first conjecture. 

The value ¢x(—1) is related to the theory of quaternion algebras (see 
Guého [72a,b], [74a,b], Vignéras [74], [75a,b]). A formula for this value in 
terms of subgroups of SL2(Rx) was obtained in K.S.Brown [74] and Hirze- 
bruch [73]. Values of Artin L-functions at integers were studied in Taylor 
81c]. 

For other results dealing with values of ¢x(s), Z(s,X), and other zeta- 
functions at integers and rationals see Barner [68], [69], Borel [77], P.Cassou- 
Nogués [79], Coates, Sinnott [77], H.Cohen [74], [76], Eie [89], Gundlach [73], 
Halbritter, Pohst [90], Hida [78], Kallies, Snyder [95], Katayama [76], Kramer 
[87], H.Lang [68], [72], [73a,b], [85b], Meyer [67], Okazaki [91], Shintani [76b], 
[77b], [81], Siegel [68a], [75], Toyoizumi [81a,b], [82], Zagier [76], [77], [86], 
91]. 


11. Proposition 7.16 is due to Landau [18f], as well as most corollaries to it. 
Corollary 5 got an elementary proof in Babaev [71]. A version of Corollary 
6 occurs in Furtwangler [07], and its general form, for classes of H;(K), in 
Hecke [17c], who also established Corollary 7 in that case. Corollary 7 was 
proved by Dirichlet [41b] for K = Q(i), and by Fanta [01] for K = Q(¢3). 

Bounds for the least non-splitting prime in a given field were found in 
V.K.Murty [94], Vaaler, Voloch [00]. For real quadratic fields see Granville, 
Mollin, Williams [00]. 

For evaluation of character sums occurring in Proposition 7.17 (i) see 
Barban, Levin [68], Fogels [65], Friedlander [73], [74], Hinz [83a,b], Jordan 
[67], Lee [79]. 


12. Corollary 1 to Proposition 7.17 (usually called the Prime Ideal Theorem) 
was conjectured in Landau [03a], and proved in Landau [03b]. Previously only 
upper and lower bounds for 7 (az) were known, similar to those obtained by 
Chebyshev in the case K = Q (see Landau [03a], Phragmén [92], Poincaré 
[92], Torelli [01]). 
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Other proofs of the Prime Ideal Theorem were given in Ahern [64] and 
Rieger [59], both covering also Corollary 4 to Proposition 7.17. The first 
elementary proof was given by Shapiro [49], who utilized an analogue of Sel- 
berg’s lemma. For Selberg’s lemma in this context see Ahern [65], Ayoub [55], 
G.L.Cohen [75b], Rieger [58a,b], [61c], K.Yamamoto [58]. Other elementary 
proofs appeared in Bredikhin [58], Eda, Nakagoshi [67], Forman, Shapiro [54], 
Hinz [93]. A proof based on the large sieve method gave Touibi, Zargouni [89]. 

Landau’s proof gave in the Prime Ideal Theorem the bound 


O(x exp(—log'/13 2)). 


The remainder given by us in Corollary to Theorem 7.20 is due to Landau 
[18f]. The best evaluation at this moment, namely 


O (exp(-Clog*/® x(log log a)" *)) ; 


with a certain C > 0, is due to Mitsui [68] and Sokolovskii [68]. The depen- 
dence of that bound on K was investigated in Goldstein [70a] and Wiertelak 
[78]. See Friedlander [80], Révesz [83], Sokolovskiy [71] for other results con- 
cerning 7x (x). Sign changes of the error term in the Prime Ideal Theorem 


in the form 
SS log N(p) = «+ R(x) 
N(p™) <x 


were studied in Kaczorowski, Stas [88] and Szydto [89]. 

Theorem 7.20 shows that an enlargement of the zero-free region of zeta- 
functions leads to an improved bound for the remainder term in the asymp- 
totic formula for the corresponding counting function. This dependence can 
be reversed. In the case of the rational field this has been shown by Turan 
[50], [53; sect.9,13], and for arbitrary K this result is due to Stas [59], [60], 
[61], and Stas, Wiertelak [75], [76a]. 

Corollary 4 to Proposition 7.17 for classes of H(K) was proved by Landau 
[07]. His proof was based on a result of Furtwangler [07] giving the existence 
of the Hilbert class-field of K, since at that time the continuation of the zeta- 
functions beyond Re s = 1 was not known. For classes of H;(K) and H7(K) 
this result is due to Hecke [17c] and Landau [18f], respectively. A uniform 
evaluation of the remainder term, valid for N(I) < exp(clog log x/ log x), was 
obtained by Hinz [76], [80] (cf. Stas, Wiertelak [76b]). This result generalizes 
Dirichlet’s theorem on primes in progressions and is often called Hecke’s 
theorem on progressions. For early results for K = Q(i) and Q(¢3) see Fanta 
[01], H.Weber [05]. 

The analogue of Linnik’s theorem on primes in progressions was estab- 
lished by Fogels [61], [62a,b], [65], [66a] and Rieger [61a] in the following 
form: 


In every class of H}(K) there exists a prime ideal of norm not exceeding 
cN(I)°, with certain constants b,c, depending on K. 
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See also Lagarias, Odlyzko [77], A. Weiss [83]. 

An analogue of the Brun-Titchmarsh theorem for 7x (x) was proved in 
Hinz, Lodemann [94]. The Barban-Davenport-Halberstam theorem for pro- 
gressions has been generalized to algebraic number fields in Hinz [81], [96]. 

For various generalizations of Bombieri’s prime number theorem to alge- 
braic number fields see Hinz [88], [96], Huxley [68,III], Murty, Murty [87], 
R.J.Wilson [69]. The large sieve in these fields was considered in Huxley 
[68], Maknis [80], Schaal [70], and Schumer [86], and Linnik’s sieve in Rieger 
[60], [61b]. For Selberg’s sieve and its applications see Hinz [82], [03], Rieger 
[58e], Sarges [76], Schaal [68], Vinogradov [64]. For a generalization of the 
Rosser-Iwaniec sieve see M.D.Coleman [93]. For a survey of sieve methods in 
algebraic number fields see Schaal [84]. 


13. The Ideal Theorem (Corollary to Theorem 7.18) is due to Dedekind [71], 
and Theorem 7.18, in its most general form, to Landau [18f]. This paper of 
Landau, which we quoted already several times, contains a detailed treatment 
of zeta-functions associated with characters of Hj (KK). For the Ideal Theorem 
see also H.Weber [96a] and Wintner [45]. 

Landau [18e,f] showed that the error term in Theorem 7.18 (hence also 
in the Ideal Theorem) is O (x!~°) with c = 2/(1+4-n) for fields of degree n. 
The dependence of the constants on K was in case I = Rx made explicit in 
Fogels [66a]. Tatuzawa [73a] improved the error term, and made the involved 
constant explicit. At this moment the best evaluation of the error term in the 
Ideal Theorem is due to Nowak [93], who showed that it is < 2'~°" log?" a 


with 
ine { 


W- 4§3< 1 <6, 
f= 4 ae ~ 


-pizn if3<n<6, 
-3 ifn > 7, 


3 [td Jo 


and 


5n+2 
2 if n > 7. 

For quadratic fields the best known evaluation is O(x* log’ x) with a = 
23/73 and 6 = 315/436, obtained by Huxley [00] (cf. Ayoub [68], Huxley, 
Watt [94], Miiller [89b], Arnold Walfisz [26])), and for cubic fields it is O(a) 
with any a > 43/96 (Miiller [88]). For cyclotomic fields see Karatsuba [72]. 

One sees immediately that if for m = 2,3,... we write 


i dn (Z) 
CK(s)™ = ; 
K( ) > N(Ds 


then d,,(I) would be the number of representations of I as a product of m 
ideals. In particular d2(I) is the number of divisors of J. It follows from a 
general result of Landau [12a] that with a polynomial P,,_1 of degree m — 1 
one has 


> dn(I) = &Pm—1 (log x) + O(x*), 
N(I)<a 
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with any a > 1—2/(mn-+ 1), n being the degree of K. This bound cannot 
be replaced by a > (mn — 1)/2mn (Landau [24b]), and later it was shown 
that even a = (mn — 1)/2mn is impossible (Chandrasekharan, Narasimhan 
[62a], Joris [72]). The problem of evaluating the error term is called the Piltz 
divisor problem. 

For other results dealing with the coefficients of ¢x(s), or its powers, 
and the analogues of classical divisor problems see R.G.Ayoub [58], Berndt 
[69], [71b], [75], Chandrasekharan, Good [83], Chandrasekharan, Narasimhan 
[62a,b], [64], van der Corput [23], Dzhiemuratov [68], Eda [55], Grotz [80], 
Hafner [83], Hasse, Suetuna [31], Iseki [53], Kanemitsu [78], Lai [65], Lan- 
dau [03a], [12b], [25], Linnik, Vinogradov [66], Odoni [91b], Rausch [90], 
[94], Rieger [57], [58c], Suetuna [25a,b], [28], [29], [31], Szegé, Walfisz [27], 
Tatuzawa [77], Anna Walfisz [64], Arnold Walfisz [25], [26], Warlimont [67]. 

Proposition 7.19 is due to Wirsing (see Ostmann [68,II,p.67). For the 
field Q(i) it goes back to Landau [08] (see also Luthar [66]). Its extension 
to non-normal extension appears in Odoni [75a]. Asymptotic behaviour of 
the number of positive rational integers < x which are norms of fractional 
ideals of K, and norms of principal fractional ideals of K, respectively, has 
been determined in Odoni [73b]. See also Odoni [75b], [77a,b], [78], [89], 
L.P.Schmid, Shanks [66], Wintner [46a]. 


14. Hecke [18] used his zeta-functions to prove uniform distribution in sectors 
of points (x,y) € R? such that for a fixed quadratic form the value f(z, y) is 
a rational prime. In case of the field Q(7) this is related to the representation 
of primes p = 1(mod 4) as sums of two squares. Hecke’s result implies a.o. 
that there are infinitely many primes of the form p = a? +b? with b = o(,/p). 
Assuming GRH one can replace in this equality the term o(p) by o(logp) 
(Ankeny [52b]). Unconditionally it is known that b = O(p‘) is possible with 
c = 0.1631 (M.D.Coleman [93]). This has been put in a more general setting 
in S.Lang [64] and Mautner [53]. Another proof of Hecke’s theorem in the 
case of imaginary quadratic fields gave Knapowski [69]. Evaluations of the 
remainder term were provided in Kubilius [52], and Mitsui [56] made them 
uniform. See also Bulota [64], Kaufman [77], Korchagina [79], Kovalchik [74], 
[75], Maknis [75a,b], [76], [80], Rademacher [35], [36a,b], Schulz-Arenstorff 
[57], Urbelis [64], [65a,b], Zarzycki [91]. 

The problem of counting Gaussian primes in sufficiently regular subsets 
of the plane was considered by Chulanovskii [56], and his results were ex- 
tended by G.L.Cohen [75a,b]. Cf. Hensley [76]. It has been established by 
M.D.Coleman [98] that if (t) tends to infinity with t, then for almost all 
complex zo the disc 


{z+ |z—20| < 9(2|) log |z|} 


contains at least one Gaussian prime. The distribution of Gaussian integers 
of a given norm N on the circle |z| = \/n was studied in Erdés, Hall [99]. For 
almost all n this distribution is approximately uniform. 
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15. The symbol F,/~ was introduced by Artin [24], and is usually called 
the Artin symbol. The first step toward Theorem 7.30 was done by Frobenius 
[96], who proved Proposition 7.35 (i). Other proofs appear in Chebotarev [26], 
Hasse [26c,II, sect.24], Hurwitz [26], Schreier [27]. Part (ii) of this proposition 
is essentially due to Kronecker [80], who tacitly assumed the existence of the 
densities d;. 

The first proof of Theorem 7.30 was given by Chebotarev [23b], [26] (see 
also [37c]). His proof was simplified in Deuring [35a], MacCluer [68], Scholz 
[31] and Schreier [27]. Purely algebraic proofs in certain special cases were 
given in Lenstra, Stevenhagen [91] and Wojcik [75]. Proofs leading to ex- 
plicit evaluation of the error term in Theorem 7.30, and also of the smallest 
norm of a prime ideal in a conjugacy class have been obtained in Lagarias, 
Montgomery, Odlyzko [79], Lagarias, Odlyzko [77], Schulze [72,III]. 

For a generalization of Theorem 7.30 see Odoni [77a], and for a conjecture 
related to it see Lenstra [77b]. The analogue of it for infinite extensions is 
false. This follows from an old result of Moriya [34a], but Serre [81] proved 
such a generalization in certain special cases. The paper of Serre contains also 
applications of Theorem 7.30 to the theory of elliptic curves and modular 
forms. 

For other questions around Theorem 7.30 see Jarden [74]. 


16. Proposition 7.36 is due to Artin [23], and Lemma 7.39 to Hasse [30a]. 
Lemma 7.37 in a more precise form, taking into account also ramified primes, 
occurs in van der Waerden [34]. Cf. Bauer [37], Wegner [35]. The notion of a 
Bauerian field and Theorem 7.38 are due to Schinzel [66]. Corollary 1 to that 
theorem was proved by Bauer [16a]. For another proof see Deuring [35b], and 
for applications see Ankeny, Rogers [51], Flanders [53b], Mann [54], [55]. 

The first example of a non-Bauerian extension was given by Gassmann 
[26]. For other examples see Gerst [70], Lewis, Schinzel, Zassenhaus [66], and 
Schinzel [66]. In the last paper it is also shown that all fields of degree < 4 
are Bauerian. For similar questions see Bilhan [81], Nakatsuchi [68], [70], [72], 
[73], [75]. 

It follows from Theorem 4.33 that if f € Z[X] is the minimal polynomial 
of an integral generator of K/Q, then P(K/Q) differs from P(f), the set 
of all primes p for which the congruence f(x) = 0 (mod p) is solvable, only 
by finitely many elements. A survey of the properties of P(f) was given by 
Gerst, Brillhart [71]. See also Nagell [68a], Schinzel [68], Schulze [72], [73], 
[76a,b]. 

Two extensions L,/K and L2/K are called Kronecker equivalent, if the 
sets P(Li/K) and P(L2/K) differ only by finitely many elements. (Note 
that arithmetic equivalence of fields implies their Kronecker equivalence.) 
The resulting equivalence classes are called Kronecker classes. This notion 
is due to Jehne [77b], who showed that all minimal elements of a Kronecker 
class have the same Galois hull over K (i.e., the smallest normal extension of 
K, containing such field). He gave also examples of infinite Kronecker classes. 
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Towers of fields with the same Kronecker class were studied in Klingen [78] 
(cf. Komatsu [82]). For other problems on Kronecker classes see Jehne [77c], 
Klingen [79], [80], [83], Lochter [93], [94a,b], [95], Saxl [88], Schulze [81]. See 
also the book of Klingen [98]. 

Theorem 7.40 is due to Hilbert [97], and the proof given by us is that 
of Chebotarev [23a] (cf. Chebotarev [37c], Rabung [70], W6jcik [69]). For 
generalizations see Elliott [70a], Mills [63], Shafarevich [54]. 

A generalization of Lemma 7.41 (i) to composite p was for K = Q ob- 
tained by Gerst [70], and for arbitrary fields of characteristic not dividing p 
by Schinzel [75b]. They noted that the generalization given in Nagell [39] is 
inexact, as the example K = Q, p = 8, a = —1, b = 16 shows. For general- 
izations of Lemma 7.41 (ii) see Besicovitch [40], Halter-Koch [80], M.Kneser 
[75], Mordell [53], Schinzel [75b], Siegel [72b], Ursell [74]. Cf. also Mostowski 
[55], Roth [71]. 

A conjecture concerning the density of the set of all primes which do 
not split in fields from a certain infinite family closed under composition 
was stated by Goldstein [68], [70b]. Although it turned out to fail in general 
(Weinberger [72c]), it holds nevertheless in certain interesting cases (Gold- 
stein [71a], [73a], M.R.Murty [83], [84]). 


17. Theorem 7.42 is due to Frohlich [60a,b,d], and our exposition is based 
on his work. Corollary 3 to it fails to hold in the case of even class-number, 
as shown by Pierce [74]. The Rx-module structure of ideals in an extension 
L/K was dealt with in Frohlich [60c]. 

The first necessary and sufficient condition for the existence of a relative 
integral basis (RIB) was given by Artin [50a]: if L = K(a) with a € Ry 
then the fractional ideal dr; x(a)d(L/K) is a square of a fractional ideal J, 
and RIB exists if and only if J is principal (cf. Fujisaki [74], Hecke [12]). 
For simple examples of extensions without RIB see Edgar [79], MacKenzie, 
Scheunemann [71]. 

Corollary to Proposition 7.46 is due to Mann [58]. 

Conditions for the existence of RIB in particular classes of extensions 
have been considered in Bird, Parry [76], Edgar, Peterson [80], Feng, Zhang 
X. [83], Hymo, Parry [90], [92], Martinet, Payan [67], [68], McCulloh [63], 
[71], Schmal [89], Sergeev [73], Soverchia [02], Spearman, Williams [88], [96b], 
Wada [70], Washington [76a], Zhang X. [84d,e]. 

Proposition 7.47 shows that Steinitz classes of normal extensions of a 
given degree need not cover H(K). Denote by R(K,G) the set of Steinitz 
classes of normal extensions of K with Galois group G. For cyclic p-groups 
this set was determined in Long [71], [75] (cf. Long [72]). Steinitz classes 
for other extensions were considered in Carter [96], [97], [98], [99], Godin, 
Sodaigui [02], [03], Hutchinson [95b], Massy, Sodaigui [97], Sodaigui [97], [99] 
[00a,b]. 
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18. Let 2, be the completion of the algebraic closure of Q,. Kubota and 
Leopoldt [64] defined p-adic analogues L,(s,x) of Dirichlet’s L-functions, 
associated with non-principal Dirichlet characters as the unique continuous 
function defined on a neighbourhood of zero, which for all positive integers 
n, divisible by p — 1, if p is odd, and even, if p = 2, satisfies 


Lp(1 —n, x) = (1 — x(p)p™ *L(1 — 1, x). 


Accounts on the theory of these functions are given in Colmez [00], Iwasawa 
[72a], Koblitz [77], and Washington [82]. 

The ”Main Conjecture” of Iwasawa, proved in Mazur, Wiles [84], asserts, 
roughly speaking, that if p is an odd prime, and wy is the Teichmiiller char- 
acter of Z, (defined for x € Zp as the unique root of unity of order p—1 such 
that for all z € Z, one has z = w(x) (mod p)), then the zeros of Lp(w4, s) are 
related to p-components of the class groups of cyclotomic fields of p-power 
order. 

Local versions of L-functions over arbitrary totally real fields were defined 
in Barsky [77], P.Cassou-Nogués [79], and Deligne, Ribet [80]. 

In a similar fashion Serre [73] defined the p-adic analogue of Dedekind 
zeta functions for totally real extensions of Q. The residue of this function 
at s = 1 was determined in Colmez [88]. For the Abelian case see Amice, 
Fresnel [72], Fresnel [67], Leopoldt [75]. 


EXERCISES 


1. Compute ¢x (0) for imaginary quadratic Kk. 


2. Let K be an algebraic number field and denote by F(K) the set of all complex- 
valued functions f,g defined on the set of all non-zero ideals of Rx. For any two 
functions f,g of F(K) define their Dirichlet convolution by 


(f «9)(1) = ¥¢ f(J)g(TI~*). 


JI 


(i) Prove that the set F(K) forms a commutative ring with unit under usual 
addition, and Dirichlet convolution as multiplication. 


(ii) Prove that f € F(K) has an inverse if and only if f(Rx) 40. 


(iii) A non-zero function f € F(K) is called multiplicative if for (I, J) = 1 one 
has f(IJ) = f(I)f(J). Prove that if f,g are multiplicative so is f * g. 


(iv) Prove that the inverse of a multiplicative function is multiplicative. 
2. Let h = f *g and assume that the series 


Bs) =O FOND), G(s) = GDN) 
I I 
are absolutely convergent in a certain half-plane. Prove that the series 


H(s) =) H(DN(D)* 
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converges absolutely in that half-plane and one has §}(s) = §(s)G(s). 


3. Let dm(I) be the number of representations of the ideal IJ as a product of 
m factors (representations differing by the order of the factors being regarded as 
distinct). Prove that for Re s > 1 the series 


So dm (L)N(I)~* 


converges absolutely, and its sum equals C7? (s). 
4. Let X be a class in Hj (K). 
(i) Prove that for x tending to infinity one has 
s- dm(I) = (c + o(1))a log™' a, 
Tex 
N(I)<@ 
with oh oe ie 
1 ACK) K™ o(f) 
(m—1)! he(KNG)™ 


c= 
(ii) Prove that 


7 logloge + B +0 (+ ) 
dy NO 7 IK) 
N(p)<x 
with a certain B = B(K). 
5. Determine explicitly all Hecke characters of the fields Q and Q(é). 
6. Show that if y is a quasicharacter of Ix trivial on Jo, and @ is the group 
consisting of all ideles € = (ry) with x, = 1 for non-Archimedean v’s, then the 


equality 
Ly a s+ia 
<= TT (Ey) ear 
Mei) 

holds on §2 with suitable rational integers ny, real a, and a complex s. 

7. (Weil [56]) (i) Prove that every Hecke character of type (A) has algebraic 
values. 

(ii) Prove that all values of a Hecke character of type (Ao) lie in a finite extension 
of Q 

(iii) Let x be a character of H7(K) for a certain ideal I, and let r € Q. Show 
that X(I) = x(I)N(I)” is a Hecke character of type (A). 

(iv) Let K be a C'M-field. Prove the existence of Hecke characters of type (A) 
which are not of the form given in (iii). 

(v) Prove that all Hecke characters of type (A) of a field K have the form given 
in (iii) if and only if K does not contain any CM-field. 

8. Prove that all prime ideals lying in P(L/K) split if and only if L/K is normal. 

9. (Hecke [17c]) Prove that for every ideal J and a € Rx, satisfying (aRx,I) = 1 
there exist infinitely many non-associated elements c congruent to a mod J, and 
generating prime ideals of first degree. 


10. (Bilhan [81]) Let Po(L/K) be the set of all prime ideals of Rx which split 
in L/K. Prove that if P(L/K) C Po(M/K) then MC L. 
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11. Prove that the set of all prime ideals of K which have at least one prime 
ideal factor of degree one in L/K has Dirichlet density > 1/[L : K], equality holding 
if and only if the extension L/K is normal. 

12. Prove that if h(K) = 3, then every cyclic extension of K of degree seven 
has a relative integral basis. 


8. Abelian Fields 


8.1. Main Properties 


1. This chapter is devoted to the arithmetic of Abelian extensions of the ra- 
tionals, i.e., normal extensions K/Q with an Abelian Galois group. According 
to the Kronecker-Weber theorem (Theorem 6.18) every such extension is con- 
tained in a suitable cyclotomic field K, = Q(¢,). The least integer f with 
the property K C Ky is called the conductor of K, and is denoted by f(K). 
The main properties of the conductor are listed in the following proposition: 


Proposition 8.1. Let K/Q and L/Q be Abelian. 

(i) K C Ky, holds if and only if f(K) divides m. 

(ti) f(K OL) divides (f(K), f(L)), 

(wii) f(KL) = [f(K), F(L)], 

(iv) A prime p ramifies in K/Q if and only if p|f(K), 

(vi) A ramified prime p is tamely ramified in K/Q if and only if p|f(K) 
and p* { f(K). 


Proof : (i) If K C Km, then writing f = f(K), and using Theorem 4.27 (v) 
we get K C Km 1 Ky = K(m,f). Hence f < (m,f) < f and f(K)|m follows. 
The converse implication is obvious. 

(ii) Since Theorem 4.27 (v) implies KNL C K gx) NK gz) = K¢(K),F(L))> 
the assertion results from (i). 

(iii) Write f = f( KL). In view of K C KL, LC KL and KL C Ky we 
infer from (i) that f is divisible both by f(K) and f(L), so that [f(K), f(L)] 
divides f. On the other hand, we have 


KL C K 5K) K g(t) = KK g(x), (0) 


and so (i) gives f|[f(K), f(L)]. 

(iv) If p{ f = f(K), then by Theorem 4.40 p does not ramify in K+/Q, 
and since K C Ky, it cannot ramify in K/Q. If p|f and p does not ramify 
in K/Q, then write f = p*m with a > 1, p{ m, and observe that in view 
of Corollary 2 to Lemma 5.24, Theorem 4.40 and Corollary 1 to Proposition 
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6.2, p is unramified in KK,,/Q. If N = [KK,, : K], and P is any prime ideal 
above pZ in Ky, then, again using Theorem 4.40, we get 
y(p*) =ex,/o(P) = ex; /KK»(P) < [Kp : KK] 
= [Ks : Km]/N = 9(f)/e(m)N = v(p*)/N. 


Thus N = 1 and K C Ky, contrary to the choice of f. 

(v) Write again f = f(K) = p*m with a > 0, p { m, and let P be a 
prime ideal lying above pZ in Ky. If p|f, p? { f, then Theorem 4.40 shows 
that p does not divide ex, /o(P), thus is tamely ramified in Ky/Q, hence 
also in K/Q. Conversely, if p is tamely ramified in K’/Q, then by (iv) we have 
a> 1, and by Corollary 2 to Lemma 5.30, Theorem 4.40 and Corollary 1 to 
Proposition 6.2 p is tamely ramified in K Kpm/Q. Theorem 4.40 gives now 


ex,/o(P) = o(p*) = p* *(p— 1), 
and we get p*"|ex,/;«x,,,(P). Writing M = [K Kpm : Kpm| we obtain 
¢/KKpm Pp pm 
Pr 6K 5/K Kym (P) | [Ky : KKpm] = [Ky : Kpm]/M 
= y(f)/My(pm) = p*~*/M. 


Thus M = 1 and we arrive at K C Kym, which implies f|pm and p*{ f. O 


Corollary. If K/Q is Abelian, then it has a normal integral basis if and only 
if it is tamely ramified. 


Proof : The necessity follows from Proposition 4.30 and Corollary 3 to Propo- 
sition 6.2. If K/Q is Abelian and tame, then (v) shows that f(K) is square- 
free, and the existence of a normal integral basis results from Proposition 
4.31 and its corollary. 0 


It should be pointed out that one cannot expect equality in (ii), as the 
example K = K3, L = Q(V3) shows. Indeed, f(K) = 3, and since d(L) = 12 
we get from (iv) that with certain positive a,b we have f(L) = 273° (actually 
f (ZL) = 12), and so (f(K), f(L)) = 3, However KNL = Q implies f(A NL) = 


2. Now we are going to determine the factorization of an arbitrary prime in 
an Abelian extension of Q. According to Theorem 4.27 (ii) the Galois group 
of K,,/Q can be identified with the group G(m) of residue classes (mod m), 
prime to m, a residue class a mod m € G(m) acting on Ky, by Gn > C2. If 
K C Kym, then, according to Galois theory, K corresponds to a subgroup H 
of G(m). The following theorem shows that it is enough to know m and H 
to obtain factorization laws in K for every rational prime. 
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Theorem 8.2. Let K/Q be Abelian, and let K;, be a cyclotomic field con- 
taining K. Denote by H the subgroup of G(m) corresponding to K according 
to Galois theory. Then for every rational prime p we have 


PRK = (P1--- Pyg)°, fx/o(®Bi) = f = 1, 225 9), 


where the numbers e, f,g are determined as follows: 

Ifp{m then e = 1, f equals the order of p mod m in the factor group 
G(m)/H and g = [K : Q\/ef. 

If p|m then write m = p*m, with p { m1, denote by N the number of 
residue classes r mod m € H satisfying r = 1(mod m1), and let Ny, be the 
number of residue classes r mod m € H for which r mod m, lies in the cyclic 
group generated by p mod m, in G(m,). Then 


e=(p*)/N, f=FN/M, 9 =([K: Q//ef, 


where F is the order of p mod my in G(m,). 


Proof : We first determine the decomposition group, the inertia group and 
the first ramification group for an arbitrary prime ideal of K,,, lying above 
p, and then apply Lemma 6.7 to descend to K. The first step is contained in 
the following lemma and the second is immediate. 


Lemma 8.3. Let m = p%m, with p{ mj, and let B be a prime ideal of Km 
lying above pZ. The decomposition group G_1(B) of ® consists of all residue 
classes x mod m for which « mod m, lies in the cyclic group generated by 
pmod m1, the inertia group of B equals 


Go(P) = {w modm: x=1 (mod m))}, 


and the first ramification group G1 (3B) is the maximal p-subgroup of Go(%). 


Proof : Assume first a = 0, i.e., p{_m, and let f be the order of p mod m in 
G(m). By Theorem 4.40 p is unramified and the degree of equals f. Thus 
by Proposition 6.8 the group G_j() is cyclic of f elements. We show now 
that it contains the automorphism g,, mapping ¢,, onto CP, and this will 
confirm our first assertion in this case, since gp is of order f. Observe that if 
x = P(Cm) = 0(mod $8) (with P € Z/t]) then 


0= P?(Cm) = P(¢E,) (mod $f), 


and so gp(x) = P(¢?,) € f, ie., gp € G_1(P). 

Now assume m, = 1, i.e., m = p* with non-zero a. In this case Theo- 
rem 4.40 yields ex,, /e(%) = y(p*) and fx, 9(B) = 1. Since G_1(B) has 
€Km/Q(B) = [Km : Q| elements, it coincides with the full Galois group, and 
so our assertion about G_1(B) is true also in this case. 

In the general case observe that K,, is the composite of L = K,,, and 
M = Kpa, and the Galois group Gal(Km/Q) = G(m) is the product of 
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Gal(L/Q) = G(m,) and Gal(M/Q) = G(p*). These two factors are embed- 
ded in Gal(Km/Q) as follows: Gal(L/Q) is the group fixing every element of 
M, and Gal(M/Q) fixes every element of L. Let pi, p2 be the prime ideals 
of Ry and Ry lying below ¥, and let g € G_1(%). Write g = [91, 92] with 
91 = giz and gz = gjm. Note that g;(p;) is conjugated with p; for 7 = 1,2, 
and gi(pi)Rx,, C g(B) = PB implies gi(pi) = pi, ie., gi € G-i(pi). This 
shows that G_1(%8) is contained in the product G_1(p1) x G_1(p2). Con- 
versely, if for i = 1,2 the elements g; lie in G_1(p;), then for g = [g1, g2] we 
get g(B) = P. Indeed, if we had 9(P) = Q ¥ FP then p; C P would imply 
gi(P1) = g(pi) C Q and thus BQ would divide p;Rx,,. This is impossible 
because Theorem 4.40 implies that in the extension K,,/L the prime ideal 
factors of pZ are powers of prime ideals. Thus we arrive at the equality 


G_i(P) = G_1(pi) x G_i(p2) = G_1(pi) x Gal(M/Q), 


and it suffices to translate this result into the language of residue classes to 
obtain our first assertion in the general case. 

To describe the group Go(%8) recall that according to Proposition 6.8 it 
corresponds to the maximal subfield of K,, in which p is unramified. Observe 
that this subfield equals L = K,,,. In fact, Theorem 4.40 shows that p does 
not ramify in L/Q and since the equalities 


[Km : L] = p(p*) = ex,,/4(B), 


show that fx,,/L() = 1, thus the corresponding p-adic extension is fully 
ramified. Hence p ramifies in every extension of Q containing L and contained 
in Km. Consequently Go(%) is the Galois group of K,,/L which can be 
identified with the set {r: gr(Cm,)} = Gm,- Now, in view of Gm, = CF, we 
get gr(Gm) = CrP, and this equals ¢,, if and only if rp = p(mod m), ie., r= 
(mod m1), as asserted. Finally, the assertion concerning G1(38) follows from 
Proposition 6.8. 


The theorem follows now immediately. 0 


Corollary 1. If K/Q is Abelian of conductor f, then P(K/Q) coincides with 
the set of all primes p with pmod f € H. 


Proof : Apply the theorem with m = f, remembering that p lies in P(K/Q) 
if and only if e = f = 1, and noting that by Proposition 8.1 (v) no prime 
from P(K/Q) can divide f. O 


Corollary 2. If K/Q is Abelian of conductor f, then the map 


F: p++ Frjq(), 
defined for primes p{ f, induces an isomorphism of G(f)/H onto Gal(K/Q). 


e 


8.1. Main Properties 413 


The existence of an isomorphism between these groups is immediate by 
Galois theory. The importance of this corollary lies in the fact that it provides 
an explicit isomorphism. 


Proof : We first show that F induces a well-defined map from G(f)/H onto 
Gal(K/Q). To do that observe that if pj mod f (i = 1,2) lie in the same 
coset mod H, then by Theorem 7.29 (ii) Fx/g(pi) equals the restriction of 
Fx,/Q(pi) to K, and since Fx, (pi) = pi mod f, Fx/g(pi) equals the coset 
mod H in which p mod f lies. Thus Fx /9(p1) = Fx/q(p2), showing that the 
map induced by F is well-defined. Its surjectivity results from Theorem 7.30. 
To show that it is a homomorphism it suffices to establish that if p = pipo 
(mod f) then Fx/9@(p) = Fx/q(p1)Fx/o(p2), but this is obvious for K = Ky 
and the general case follows by restriction to K. Now the assertion results 
from the observation that the injectivity of F is a consequence of the equality 
#G(f)/H = #Gal(K/Q), which is a consequence of Galois theory. Oo 


Corollary 3. If m is a positive rational integer, and H is a subgroup of 
G(m), then there exists an Abelian extension K/Q such that P(K/Q) differs 
from the set of all primes p with pmod m € H by only finitely many primes. 


Proof : Let K be the subfield of K,,, corresponding to H. An application of 
Corollary 1 shows that the two sets occurring in the assertion differ only by 
those primes which divide m, but not f(K). oO 


The three corollaries proved above constitute a significant part of the 
class-field theory for Abelian extensions of Q. Corollary 1 shows that every 
Abelian extension of Q is a class-field in the sense of H.Weber ([96b], [97]), 
and Corollary 2 is a form of Artin’s Reciprocity Law for Abelian extensions 
of Q. Corollary 3 is the Existence Theorem. The three statements have their 
analogues for Abelian extensions of any algebraic number field, belonging 
properly to class-field theory, which lies outside the scope of this book. 


3. Let K/Q be Abelian and let K C K,,. As before denote by H the subgroup 
of G(m) corresponding to K by Galois theory. Let X(K) be the group of 
those characters of G(m) which are equal to unity on H. Extend each of 
these characters first to a Dirichlet character mod m and then to a primitive 
character. For x € X(K) we shall denote by f(x) its conductor, and by x’ 
the corresponding primitive Dirichlet character. 

Note that if X(A) and X’(K) are the groups of characters associated with 
K, and corresponding to the embeddings of K into Ky (with f = f(K)) and 
into Kj, then every character of X’(K) is lifted from a character of X(K). 
This induces an isomorphism between X(K) and X’(K), which preserves 
conductors and the induced primitive characters. We may thus identify X(K) 
and X'(K). Under this convention the equality X(K) = X(L) implies K = L. 
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Proposition 8.4. For fixed m the map K ++ X(K), defined for all sub- 
fields of Km, induces a one-to-one correspondence between subfields of Km 
and subgroups of the character group of G(m). This map has the following 
properties: 

(i) K CL holds if and only if X(K) Cc X(L). 

(ti) X(K NL) = X(K)NX(L). 

(itt) X(KL) is the group generated by X(K)U X(L). 

(iv) X(K) = G(m) holds if and only if K = Ky, and X(K) = {1} holds 
if and only if K =Q. 


(v) #X(K) = [K:Q]. 


Proof : This is simply a restatement of the fundamental theorem of Galois 
theory for K,, in terms of characters. O 


Proposition 8.5. Let K be an Abelian field. If K is real, then all characters 
of X(K) are even, and if K is complex, then X(K) contains the same number 
of odd and even characters. In this case the even characters form a subgroup 
of X(K) equal to X(K*), with K+ being the maximal real subfield of K. 


Proof : Since the element r = —1 mod m of G(m) acts as complex conju- 
gation, the field K will be real if and only if 7 acts on K trivially, ie., —1 
lies in H, and this occurs if and only if all characters of X(K) are even. 
This argument shows also that if K is complex, then X(K) contains at least 
one odd character. Since in this case even characters form a subgroup X’ of 
index 2 in X(K), we see that X(K) contains the same number of even and 
odd characters. As X’ is the maximal subgroup of X(K) consisting of even 
characters, the first part of our proposition jointly with Proposition 8.4 show 
that X’ = X(KT). Oo 


4. Now we are going to utilize the group X(K) to express the Dedekind 
zeta-function of an Abelian field as a product of Dirichlet’s L-functions. This 
important formula will be later used to derive an explicit formula for the 
class-number of Abelian fields, and also for the proof of the Siegel-Brauer 
theorem in the Abelian case. 


Theorem 8.6. If K/Q is Abelian then 


Cx(s) = Il L(s, x’), 


xEX(K) 


where x’ is the primitive Dirichlet character induced by y. 


Proof : Since both sides of the asserted equality are meromorphic, it suffices 
to establish it for s in the half-plane Re s > 1. In that plane we have 
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Cx(s) = Il II xo 8 


p p over p 


and 
Il L(s, x’) =|] Il 1-y coe s? 
xEX(K) Pp xEX(K) 


(where p runs over all rational primes, and we have y’(p) = 0 for primes p 
dividing the conductor of y), the two products being absolutely convergent. 
To prove the theorem it is enough to establish the equality 


1 1 
II T-N@) ~ 1) 2=aees (8.1) 


—Ss 
p over p xEx(K) x (p)p 
for every prime p. To prove it observe first that if 


PRxK = (Pi -+-Pg)® 


and f = fx/o(p:) (i = 1,2,...,g), then the left-hand side of (8.1) is equal 
to (1 — p-f*)~9,. We shall show that the right-hand side of (8.1) has the 
same value. We start with the case p { m. In this case we have e = 1. If 
x € X(K) then y’ equals unity on H, and since Theorem 8.2 shows that 
f equals the order of pmod m in G(m)/H, we get y'(p)f = y'(pf) = 1, 
hence all possible values of x’(p) are f-th roots of unity. Moreover, if A is 
the group of characters of G(m)/H which are equal to 1 on the coset mod H 
determined by p mod m, then the set of characters y’ which attain at p a 
fixed f-th root of unity forms a coset mod A in the group of all characters of 
G/H. It follows that this set has #(G/H)f—! elements and we can write 


1—x'(p)p-* = To-sirne 


Now note that for all z we have 


f 
[[@- 2)? =1-2!, 


j=0 


and putting here x = p~* we obtain 


f 
[[G-¢@e*y) =1-p* 
j=0 


and 


Ife - x (p)p-*) =(1—-pF*)9, 


implying (8.1). 
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If plm, then write m = p*m, with p { m4. It follows from Proposition 
8.1 that L = KOK, is the maximal subfield of K in which p remains 
unramified, and Proposition 6.7 implies that if p is a prime ideal of Ry lying 


over p, then fr/g(p) = f and gr/g(p) = 9. 
Since p| f(x) implies x/(p) = 0, we have 


Il @-x@p*)= J] G-x'@p”). 


EX(K x€X(K) 
REA) F(x)Irmy 


But f(x)|71 holds if and only if x € X(K,,), and so 
{xe X(K): fO)lmi} = X(K) 0 X(Km,) = X(L) 
by Proposition 8.4 (ii). It follows that 
I] @-x@e*)= J] G-x'@r™), 
xEX(K) xEX(L) 
and in view of p{ mz, the application of the case already considered leads to 
I] @-x'@)p*)=G-pF*)", 
xEX(K) 
with f’ = fr/o(p) and g' = gr/o(p). But we have already shown that f’ = f 


and g’ = g, hence (8.1) results also in this case. O 


Our next result expresses the discriminant and the conductor of an 
Abelian field in terms of the associated character group. 


Proposition 8.7. If K/Q is Abelian then 
d(K)=(-1)" [J fC, 
xEX(K) 
where u denotes the number of odd characters in X(K), and 


f(K) = LOM{f (x): x € X(K)}. 


Proof : The preceding theorem implies 


2 Cx(1— s) Il L(s, x’) > ¢x(1— 3) L(s,x’) 


CK (s) L(1—s, x’) - CK(s) L(l—8,X’) 


xXEX(K) xXEX(K) 


If K is real, then using Theorem 7.3, Proposition 8.5 and Corollary 2 to 
Proposition 7.12 we arrive at 


La latR eee [le Foye us (8.2) 


xEX(K) 
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with o = Re s. Putting o = 0, and using Proposition 2.15 we get the first 
assertion in this case. 
If K is complex then the same approach leads to 


o—1/2 


: 4 P(A = 9)P(6/2)P((1 + 5)/2)\" 
eee ANE Ua Goncenancercye 


where a = —r2(1 — 2c) and 8 = re(o — 1). Using the formula 
I'(s)I'(s +1/2) = /n2*-**T'(2s) 


we again get (8.2), and the first assertion results as in the previous case. 

To obtain the second assertion embed K into Ky (with f = f(K)), and ob- 
serve that for y in X(K) we have f(x)|f. Thus f’ = LCM{f(x: x € X(K)} 
divides f. Since every character of X(K) can be regarded as a character 
mod f’, we get K C Ky and so f|f’, hence f’ = f follows. Oo 


Corollary. We have 


I] r@ = Vie. 


xEX(K) 
x#l 


Proof : The equality |7(x’)| = \/ f(x) results from Corollary 2 to Proposition 
6.15, and so the assertion follows from the first part of the proposition. O 


5. The results just presented permit us to determine arithmetic properties 
of an Abelian field in a rather quick way, provided we know its conductor 
f and its position in the lattice of subfields of Ky. To illustrate this let 
us consider the subfields of the field Ky3. Since 13 is a prime, the group 
Gal(K13/Q) = G(13) is cyclic of order 12, and has the following subgroups: 
Hy, = G(13), Ho = {1,3,4,9,10,12}, H3 = {1,5,8,12}, H, = {1,3, 9}, 
Hg = {1,12} and Hj2 = {1} (here we denote the residue m mod 13 simply 
by m). Accordingly we have five fields of conductor 13. Let L, be the field 
corresponding to H, (r = 1,2,3,4,6,12). Obviously we have [L, : Q| =r, 
and in particular L; = Q. Proposition 8.7 gives for the remaining fields the 
equality d(L,) = (—1)“"13%", where u, is the number of odd characters equal 
to unity on A,., and 


an +1 =#X(Ly) = #(G(3)/H,) = 12/#H = (Lp: =r. 


Since 2 is a primitive root mod 13, every character of G(13) is determined 
by its value at 2, and we obtain easily a complete list of these characters (we 
invite the reader to prepare such a list by himself) from which it follows that 
U2 = Us = ug = 0, us = 2, wy = 6. Thus the fields Lz, Lz and Lg are real, 
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whereas [4 and Ly2 are complex. In all cases the discriminant is positive, 
and we get d(L,) = 13"~? for all r. 

The factorization of rational primes in L, results immediately from The- 
orem 8.2. The only ramified prime is p = 13, and we get 13R, = pf”. for all r, 
whereas for other primes we get 


PR, = Pi---py 


with g = r/t, t being the least positive integer for which p* mod 13 € H,. 

To conclude this example let us determine explicitly the fields involved. 
Clearly Lig = Ky3 and Lz = Q(V13), since Ly is a quadratic field of discrim- 
inant 13. As the maximal real subfield of K13 is of degree 6, it must be equal 
to Lg. Thus Lg = Q(cos(27/13)). This leaves us with L3 and L4. Observe 
that every element x € K,3 can be written in the form 


12 


z= SAC? (Aj €Q) 


jal 


(where ¢ = ¢13) in a unique way. We have x € L, if and only if Aj = Ajs mod 13 
for every j and every s € H,. Consequently w, = €+ ¢5 + ¢8 + ¢?? lies in 
L3\Q, hence generates L3. It follows from Theorem 2.20 that zx is integral if 
and only if all A,;’s lie in Z, and we see that an integral basis of L3 is provided 
by wi, wo = C7 +63 +€19 + (1 and ws = C4 + C8 + C7 +09. 

A similar argument shows that the numbers 


w=64+ E40, we=(7? +0468 
WO ECC. MEE aR aS 


form an integral basis of L4. Since Le = Q and w is non-real, it generates 
I4. We leave to the reader the dull task of obtaining minimal polynomials 
for the generators of L3 and Ly. 


6. Now we may obtain information on asymptotic properties of Abelian ex- 
tensions K/Q with a given Galois group and f(K) < z. 

We shall do this in a slightly more general setting. Let k be a fixed field, 
and let for each rational integer N > 1 an extension Ly /K be given, which 
is assumed to be finite and Abelian. Denote by A(N) the Galois group of 
Lyn /k. 

The family {Ly} will be called multiplicative if it satisfies the following 
two conditions: 


(i) For all M, N we have Ly ln = Iim,N] and Ly NLyn = Icm,n)- 

(ii) If (M,N) = 1 then A(MN) ~ A(M) x A(N). 

Note that if k = Q and Ly is the N-th cyclotomic field, then by Theorem 
4.27 the family {Ly} is multiplicative. 
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We shall consider also the family F of all extensions K/k satisfying K C 
Ky for asuitable N depending on K. For a given Abelian group A let N4(z) 
be defined as the number of all fields K € F which satisfy Gal(K/k) ~ A, 
and which are contained in a suitable field Ly with N < x. Ifk = Qand Ly 
is the N-th cyclotomic field, then N(x) counts fields with Galois group A 
and conductor not exceeding x. 

We prove now that under certain restrictions on A(q) for prime powers q 
one can obtain an asymptotic formula for N4(z). 


Theorem 8.8. Let {Ly} be a multiplicative family of finite Abelian exten- 
sions of a field k, and let A be a fixed finite Abelian group of order # 1. 
For any finite Abelian group H let ny(N) be the number of homomorphisms 
of A(N) into H. Assume further that for every subgroup B of A there exist 
non-negative constants a(B) and c(B) such that for every prime power q the 
inequality 

np(q) < e(B) (8.3) 


holds, and for all complex s with Re s > 1 one has 


> ee = a(B) log 


Pp 


; 2 7 + 9(8); (8.4) 


with p running over all rational primes, and g(s) = gp(s) being regular in 
the closed half-plane Re s > 1. Assume finally that for every proper subgroup 
B of A the inequality 

a(B) < a(A) (8.5) 


is satisfied. 
Then for x tending to infinity we have 


Na(ax) = (C(A) + 0(1))x log")? a 


with a positive constant C(A). 


Proof : Observe first that for fixed B the function ng(N) is multiplicative. 
The condition (8.3) shows that the series 


Fp(s) = > np(N)N-* 
N=1 


converges absolutely and almost uniformly in the half-plane Re s > 1, and 
we can expand its sum into an Euler product 


Fa(s) =|] ( + Seton) ; 


Pp j=l 


420 8. Abelian Fields 


Since (8.3) ensures that F'g(s) can vanish only at zeros of those factors of the 
Euler product which correspond to primes not exceeding 1 + c(B), we can 
write for Res >1 


Fp(s) = gi(s) exp (= NB wo) 


with g; regular for Re s > 1 and gi(1) £0. 
The condition (8.4) leads now to the equality 


Fp(s) = einer (8.6) 


valid for Re s > 1 with ge regular for Re s > 1 and not vanishing at s = 1. 
For a group H let my(N) be the number of surjective homomorphisms 
of A(N) onto H. Then obviously 


S> mu(N) =na(N), 


HCB 


with H ranging over all subgroups of B. This relation permits us to calculate 
mu(N) in view of the following lemma of Delsarte [48], which is an analogue 
of the Mobius inversion formula: 


Lemma 8.9. To every pair B C A of finite Abelian groups one can assign a 
rational integer t(A, B), so that whenever f,g are complex-valued functions 
defined in the set of all subgroups of a finite Abelian group G, satisfying 


f(A) = So g(B) (Ac@), 


BCA 


then 


9(A) = S tA, B)F(B). 


BCA 
One has in particular t(A, A) = 1. 


Proof : Let {1} = Hi, Ho,...,H, = A be all subgroups of a group A C G, 
ordered in such a way that H; C H; implies i < 7 (but not necessarily 
conversely) and put 
~. fl fA, C H;, 
(i, 9) = \ otherwise. 
Since (1,2) = 1, and for i > j we have e(i,7) = 0, the matrix [e(i,7)] is 
invertible, and its inverse [e(i, j)] satisfies 
_. fl ifi=y, 
el, 5) = i if j > 4. 


Moreover, for 7 = 1,2,...,r we have 
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j 
= S eli, j)9(Hi), 
t=1 
and 
j 
= 4,j)f(i) G=1,2,.-.,7). 
Putting here 7 = r and t(H,, H;) = e(t,r) we get the assertion. Oo 


The lemma implies 
mn(N) = )> t(B,@)na(N), 
GcB 


and this leads to the equality 


Ss ma(N)N~* = Fa(s)+ )_ t(A,B)Fx(s), 
N=1 A 


holding for Re s > 1. Using (8.5) and (8.6) we get with a certain r the equality 


may = = goites + + ety , 


where t;,...,¢, are real numbers smaller than a(A), and hj,...,hp are func- 
tions regular in the half-plane Re s > 1. 

The kernel of a homomorphism counted by m, corresponds by Galois 
theory to a field K satisfying 


kcCKCLIn and Gal(K/k) ~ A. (8.7) 


If V(A) denotes the number of automorphisms of A, then to every field 
K satisfying (8.7) there correspond V(A) different homomorphisms counted 
by ma(N). This shows that if c4(V) denotes the number of such fields Kk, 
then 
ca(N) = ma(N)/V(A). 


Finally, let b4(N) be the number of fields K satisfying (8.7), but not 
contained in Ly for any proper divisor M of N. Our assumptions imply that 
if K C Ly and K C Ly, then K C Lyy,n), hence every field counted by 
ca(N) is counted by b4(d) for exactly one divisor d of N. 


This gives 
S| ba(d) = ca(N), 
d|N 


hence Mobius inversion formula implies 
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ba(N) =) w(N/d)ca(d), 
d|N 
and we arrive at the equality 


> ba(N)N~* =¢-*(s8) S$ ca(N)N 
Nal 


N=1 


1 ". Ay(s) 
~ V(A) ( =A) Eee): 


valid for Re s > 1. Note that our assumptions imply a(A) > 1. Indeed, for 
B = {1} we have ng(p) = 1 for all primes p, and (8.5) gives a(A) > a(B) = 1. 
We may thus invoke Theorem I of Appendix II to obtain the asserted formula. 

O 


Corollary 1. If A is a finite Abelian group, then the number of extensions 
K/Q with Galois group A and f(K) < x equals 


(C(A) + o(1))z log(4)-? x, 
with C(A) > 0 and 


es ra(d) 
a(A) = py old)’ 


where r4(d) is the number of elements of order d in A. 
Proof : We apply the theorem with k = Q and Ly = Kn, the N-th cyclo- 
tomic field. Condition (8.3) follows from the fact that in this case the group 


A(q) has for prime-powers q at most two generators. Moreover one sees easily 
that for prime p and every finite Abelian group B the equality 


na(p) = >> re(d) 


d|p—1 


holds. Therefore using Corollary 6 to Proposition 7.16 (applied to K = Q) 
we get 


Yo ne(p)p-* - > rp(d) o> p ° =a(B) log ; = 


d|#B p=1(mod d) 


ce 9(s), 


with 


a(B) = S¢ ra(d)/¢(d), 


d|#B 


and a function g regular in Re s > 1. This establishes (8.4). 


8.2. The Class-number Formula and the Siegel-Brauer Theorem 423 


It remains to verify (8.5), but this is immediate, because if B is a proper 
subgroup of A, then for at least one value of d dividing #A we must have 
rp(d) < ra(d). Thus all assumptions of the theorem are satisfied and the 
assertion follows. O 


In certain cases one can deduce from the last corollary asymptotic results 
for the number of fields with a given Galois group and bounded discriminant. 
We can see this on the example of cyclic fields of prime degree: 


Corollary 2. The number of cyclic extensions of Q of a prime degree p and 
|\d(K)| <x equals (C + 0(1))a® with a =1/(p—1) and C = C(p) > 0. 


Proof : If K/Q is cyclic of degree p, then the associated group X(K) of 
characters contains p — 1 non-trivial characters, all of the same conductor 
f, because each of them generates X(K), and if x; is a power of x2, then 
f(x) |f(x2). Proposition 8.7 gives now |d(K)| = f?~! and f(K) = f, and 
so the conditions |d(K)| < 2 and f(K) < x% are equivalent. The assertion 
follows now from Corollary 1. O 


8.2. The Class-number Formula 
and the Siegel-Brauer Theorem 


1. In this section we express the class-number of an Abelian extension K/Q 
in terms of the values of L-functions associated with characters from X(K) 
and other invariants of kK. Then we shall prove the Siegel-Brauer theorem 
concerning the asymptotic behaviour of the product h(K)R(K) for Abelian 
fields. 


Theorem 8.10. If K/Q is Abelian, and w(K) denotes the number of roots 
of unity contained in K, then 


nex) = BEOVIEOL TT za.x), 


ee on 
where x’ is the primitive Dirichlet character associated with x. 


Proof : By Theorem 8.6 we have 
Cx(s)= [J 1Q,x’. 
xEX(K) 


Comparing the residues at s = 1, using Theorem 7.3, and noting that for the 
principal character yo we have L(s,x) = ¢(s) we obtain the assertion. O 
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Corollary 1. If m # 2(mod 4), then for the m-th cyclotomic field Km we 


have 
_ émy/|d(Km)| 
where 


one 1 ifm is even, 
m"\2 ifm is odd, 


and x runs over nonprincipal characters modm. 


Proof : Follows directly from Corollary to Theorem 4.27 and Theorems 8.10 
and 4.17. oO 


Corollary 2. If K is a quadratic field of discriminant d, and w is the number 
of roots of unity contained in K, then 


“italy ifd <0, 


h{K) = 
well) ifd>o, 


where La(s) = L(s,xa) is the L-function associated with Kronecker’s exten- 
sion Xa(z) = (2) of the Legendre symbol, and, in case of positive d, € > 1 is 
the fundamental unit of K. 


Proof : In view of the theorem it suffices to establish that the primitive cha- 
racter induced by the unique non-trivial character 7 € X (KK) equals yg. Since 
#X(K) = [K : Q| = 2, x is real, Proposition 8.7 gives sgnd = y(—1) and 
f(x) = |d|. Thus x’ is a real primitive character mod |d| satisfying x/(—1) = 
sgn d. 

By Proposition 6.13 we may write 


d=sgnd- pipe--: Dr 


with pi = 2, po,...,pr being odd primes and a = 0,2 or 3. Proposition 
6.10 shows that y’ = y1---x,, where each y; is a real primitive character 
mod 2° for 7 = 1 and mod p; for i > 2. Thus for i = 2,3,...,r we have 


Xi(z) = (= -). If a = 0, then the equality y’ = xq follows neal Ifa= 


2, then xi(x) equals (—1)*-))/?, the unique primitive character mod 4. In 
the case a = 3 we have a choice, as there are two primitive characters mod 8, 
namely (—1)@*-))/8 and (— ye ~1)/8+(@-1)/2, but the condition y/(—1) = 
sgnd determines x; uniquely also in this case. It is immediate that in all 
cases x’ equals the symbol of Kronecker‘. O 


4 The reader not acquainted with Kronecker’s symbol may take the above construc- 
tion for its definition. 
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For a positive integer n let K;* be the maximal real subfield of the n-th 
cyclotomic field K,. The class-number h(K;1) is denoted by hj, and called 
usually the second factor of h(K,), whereas the ratio h(K,)/h* is denoted 
by hz, and called the first factor of h(Kn). 


Corollary 3. If p is an odd prime then 


(p—3)/4 
p 
hy = L(1,x), 
P= "Romy LL 2% 
and 
pipts)/4 


ho = 3@=3)/2_@-1)/2 II 2G.) 
x odd 


both products taken over non-principal characters mod p. 


Proof : Since K,/Q is cyclic, Theorem 3.21 shows that there is a fundamental 
system of units lying in Kk , where it forms a system of fundamental units. 
This implies the equality 


R(Kp) = 20-9? R(KS). 


Since w(K) = 2, and Proposition 8.7 gives |d(K;t)| = p®~*)/?, the formula 
for the second factor results. Applying Corollary 1, and dividing the obtained 
expression by ht , we get the formula for the first factor. O 


2. The first factor h; is always an integer. This was first noted by Kummer 
[50a]. We present a proof due to Kronecker [63]: 


Proposition 8.11. If p is an odd prime, then the canonical homomorphism 
of H(K;>) into H(Kp) is injective, and h(Kp) = hh, is a factorization into 
integers. 


Proof : Write L = K,, L*+ = Kj and let I be an ideal in Rz+ such that 
TRz, is principal. In view of Proposition 4.46 (i) it suffices to show that I is 
principal itself. Write /R, = aR, and observe that I =I implies @ = ua with 
a suitable unit u of L. By Corollary to Theorem 3.21 we can write u = Cur 
with u; € U(L*), and a root of unity ¢ € E(L). From 


|a| = lal = [Cura] = |ural 


we get |ui| = 1, hence uy = +1. Thus @ = ¢’a with ¢’ € E(L). By Corollary 
to Theorem 4.27 we can write ¢’ = +¢;” with a suitable integer m. This gives 
a = +¢7"a. Let s be a solution of the congruence 2s = m (mod p) and put 
b= Ga. Then 


b=G ast “a= ta = tb, 
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and IR, = bR,. If b= 6 then b € Lt and so J is principal. 

It remains to show that the equality 6 = —b is impossible. Let 7 = 1— Cp: 
By Corollary to Theorem 4.40 a generates a prime ideal in Rz, and so we 
may write b = 1"c with (cRz,7Rz,) = 1 and a suitable r > 0. Since by the 
same corollary one has 


pRy =(rRz)’, fre(mRx) = 1, 


we get pR;+ = p®—)/? with a suitable prime ideal p. Thus pR, = (rRz)?, 
and it follows that r must be even, say, r = 2t. This leads to 


Tea b= b= nea n™ CMe 


and ¢ = —¢°c, and finally ¢ = —c(mod 7) because of ¢, = 1(mod 7). This 
congruence is impossible, because if we write 


p-2 
c= DIAG 
j=0 
with A; € Z, then c= Sar A; =¢ = —c(mod 7) and thus 2c = 0(mod 7), 
which is excluded by our ee of c. Oo 
3. The class-number formula given in Theorem 8.10 contains values of Dirich- 
let’s L-functions at s = 1. We express now these values by finite sums of 


elementary functions. 


Proposition 8.12. If m > 3, and y is a primitive character mod m, then 


L(1,x) = — 700 Eo) (ioe (2sin 7) _ a) ; 


If moreover x is odd, then 


Proof : For |x| < 1 define 
= x 
fle) = Soxin) =. 
n=1 


Since the series defining L(s,) converges at s = 1 (the sum inca X(”) 
being bounded by m and the sequence 1/n decreasing to zero), we have 


lim f(e) = L(,x). 
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Now 
m—-l1 x” m—1 fore) grtmn 
f@=Yx) YL S=Y xn a—. 
r=1 n=r (mod m) r=1 n=0 
Hence 


ye ee 


gm — 1 


i") =- 


and in view of f(0) =0 we obtain 


x2m—l r—-1 
fe) =- [Yo xa 
r=1 


The integrand can be written in the form 


m-l1 
Shears 
7 ? 
j=0 t— Ga 
where the a,’s are complex constants, which can be determined by the fol- 
lowing calculation: 
Write 


m—l1 m—1 ym_y 
errs, aa 
r= j=0 ™m 


and put t= ¢* fork =0,1,...,m—1. This gives 


m-l1 
Se x(r)Chrt = agmekn—) = amen", 
r=1 


thus ax = Te(x)/m, where 


m-1 
TOO = So OG 
r=1 
Finally we get 
L pS nO) 
L(Q,x) = -= | So Sea. (8.8) 
m Jo =~ t—Gin 


A direct computation shows that 


1 , ; 
dt 
| ; =tog (2sin ™) +ix (5-4), 
o t~G m 2 =m 


thus the first assertion follows from Proposition 6.9 (i) and the following 
lemma: 
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Lemma 8.13. If x is a primitive Dirichlet character mod m and (j,m) > 1, 
then 7; (x) = 0. 


Proof : Write m1 = (j,m), k = m/my, and choose an integer a prime to m, 
satisfying a = 1(mod k) and x(a) # 1. If there were no such integer, then 
m = f(x) would divide k, thus (j,m) = 1, contrary to our assumption. Now 


yd y x(ar)Gm! = x(a) ~ x(r)Cm? = x(a)T3(x), 


because CJ, is a primitive k-th root of unity, ar = r (mod k), and thus 6279 
Cy. Finally we see that 7;(x) vanishes, as asserted. O 


To obtain the second assertion note that if x is odd then ¥(m — x) = 
xX(=a) = =X(2); thus 


Fx) log (2 at ii 


1 m— os se 
=5 » (x0) log (2sin zi) + X(m — 7) log (2sin “n= 2)) = 0. 
O 
Corollary 1. (Dirichlet’s class number formula) If K is a quadratic number 
field of discriminant d, w is the number of roots of unity in K, € > 1 is the 


fundamental unit of K in cased > 0, and yq(n) = (4), then 


h(K) = — Bal yal xa(9)J ifd <0, 
Sipe Lo<j<a/2 xa(J) log (sin 74) ifd>0. 


Proof : For d < 0 Proposition 8.5 shows that xq is odd. Using Theorem 6.16 


we get 
|@ 


1 ws at 
L(1, xa) = Re L(1, xa) = ~ ap? S> ixa(d), 
aa 


and it suffices to apply Corollary 2 to Theorem 8.10. 
For positive d we obtain 


d-1 
L(1,xa) = Re L(1, ya) = a d_xald) log (2 sin a) 


d= 2 
ae j)l —]. 
) log (sin Fi ) 
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Since by Proposition 8.5 xq is even, we have yq(d—j) = xa(j), and it remains 
to apply Corollary 2 to Theorem 8.10. O 


Our second application of Proposition 8.12 is an upper bound for h,. 


Corollary 2. If p is an odd prime then 


epee 
<%(3) 


Proof : The proposition and Corollary 2 to Theorem 8.10 imply 


(p+3)/4 
= Dp 
hp = SS Rye TL roo Su 
and since Corollary 4 to Proposition 8.7 implies 
IL |r 00l = eG) ar’, 
x odd 
we get 
p-l 
hp. = il [S>5R()I- 
'p 3)/2 
ERIE )/ Gan aa 


It remains to evaluate the product occurring in the last equality. Since 


(p—1)/2 ifptmn,m= n (mod p), 


S x(m)xX(n) = 4 -(p—1)/2 ifp{mn,m=—n (mod p), 
x odd 0 in other cases, 
we get 
p-1 
SS ISx@ir= 3. 3 X()x(y) xy 
x odd j=l x odd x,y=1 
p-1 
=" SX) ey~-1)- = S>— ay(p-1)/2 
J=1 \wv=y=j (mod p) 2=—y=j (mod p) 
= Pot : _ Pp 1)*(p— 2) 
bee, vs p—j) v 


Applying the inequality between the arithmetic and geometric means we 
arrive finally at 
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p-1l 3 
—1)\(o—- 
so 1> H(j)s}/e-D < PP Vip 2) He ae 
xodd j=1 


and this leads to 
(p—1)/4 
= if p? _ p \(p-1)/4 
s<apenn(G)  =2»(R) oO 


4. Now we shall be concerned with the asymptotic behaviour of the product 
h(K)R(K) for Abelian extensions K/Q. An upper estimate is provided by 
Corollary 4 to Theorem 7.3, which implies, 


log(h(K) R(K) 


lim sup log |d(K)| 


1 
p< 
ay 
when K runs over all fields of a fixed degree, arranged according to the 
absolute value of the discriminant. In the sequel we shall always assume 
tacitly that any considered sequence of fields is arranged in this way. 

The Siegel-Brauer theorem, which we now shall prove for Abelian exten- 
sions, states that in this relation limsup can be replaced by lim and the 
inequality by equality. 


Theorem 8.14. If K runs over all Abelian extensions of Q having a fixed 


degree n, then 


fin ORCME)R(K)) _ 1 
log). 


Proof : We start with a lower bound for the residue of ¢x(s): 


Lemma 8.15. There is a constant B = B(n) > e718" > 0 such that for 
every field K of degree n over the rationals and every so with O < sq < 1, the 
inequality Cx (89) < 0 implies 


h(K)«(K) = Bso(1 — s0)|d(K)|°-*. 


Proof : Corollary 1 to Theorem 7.3 shows that the inequality ¢x(so) < 0 
implies 


For FOV” + FIVE) armala) 


1 1 — h(K)«(K) 


89,/|d(K)| 74 — 8 } ~ so(1— 80)’ a 


<h(K)K(K) ( 


where f = [], fy is the function used in the proof of Theorem 7.3. It was 
shown in the proof of that theorem that for v Archimedean we have f, = 
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fy, whereas for v non-Archimedean the function fo is the product of the 
characteristic function of Dj! and N(D,)~\/?, Dy = 7 R, (where 7, is 
a fixed generator of the prime ideal p, of R,) being the different of the 
corresponding local extension. 

Since f and f are both non-negative, (8.9) leads to 


h(K)K(K) >so(1 — s0) [ f(a)V(x)*° dmy(a) 
> s9(1— 50) i _, Fle) (w)"*arr(2) 


= so(t so) TT f) felee)oas)* ange) 


= so(1 — 50) [[h, (8.10) 
where 
P= {ty : u(y) > 1} if v is non-Archimedean, 
0 "| fay: 1 <v(2y) <2} if is Archimedean. 


We estimate now the integrals [,, from below. In the non-Archimedean case 
we have 


I, 


1 0 
This leads to . 


1 so * rn) = so—1 
I 2 Tareas) Tse, C2) = N(Dy)"*. 


If v is real then we get 


2 2 
d d 
I, =f exp(—m2?) xe > | = 
1 zt 1 2% 


=e *" log 2, 


Ty Uy 


and if v is complex then 
I, =2 i a, exp(—2m(yt + ¥2))(yi + y3)°° "dys dys 


Qn V2 
> 2exp(—47) i, ay | 280 ee = 2ne~** log 2, 
0 1 r 


where S = {(y1,y2) € R?: 1< y? 4+ y3 < 2}. 
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This implies 
[]“£ 22 [[ N(.)"7! = Bla, 


VES oo 
where 
B=B(n)= inf {(2r)"(e~4* log2)™1™} > e 18", 
ryt2rg=n 
and this jointly with (8.10) proves the lemma. O 


From this lemma one can deduce an old result of Hecke, dealing with the 
class-number of imaginary quadratic fields: 


Corollary. To every a € (0,1/2) there corresponds an effective constant 
c(a) > 0 with the property that if K is an imaginary quadratic field of discrim- 
inant d < —4 such that Cx(s) has no real zeros in the interval [1—a/ log |d|, 1), 


then 
h(K) > c(a) vel : 


Proof : Put k = |d|. The assumptions imply ¢x(1—a/logk) <0, so we may 
apply the lemma with sp = 1—a/logk. This gives 


He este fiw a a pa/logk x & 
are ( logk / logk ~ 2logk’ 


and since & = 7/,/|d(K)|, the assertion follows. Oo 


e226 


Our next lemma gives an upper bound for the value of Dirichlet L- 
functions at s = 1. 


Lemma 8.16. If m > 3, and x is a non-principal character mod m, then 


|L(1, x)| < 2+ logm < 3logm. 


Proof : For N > m we have 


n=1 
N N-1 M 
x(n) 1 1 1 
=e Loxm+ YO G- > x(n) 
n=1 tm Nien r=l+m " r+1 n=l+m 
m N-1 
1 oem 1 1 
< Sore ne Aiea 
St Me ae) 
n=1 r=l+m 
cae | m 
= = < | 4 
et ma <oemt2 < 3logm O 
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Utilizing the two preceding lemmas we can now give a lower bound for 
the residue h(K)«() of Cx (s). This will be achieved by a suitable choice of 
the parameter so in Lemma 8.15. 


Lemma 8.17. To each positive € there corresponds a positive constant By = 
Bi(n,€), such that for every Abelian extension K/Q of degree n one has 


A(K)K(K) > Bild(k)|~. 


Proof : We may freely assume that 0 < € < 1/2. Suppose first that for all 
Abelian extensions K/Q of degree n we have €x(s) #0 for 1—€/2n<s <1. 
Since Corollary 1 to Theorem 7.3 implies that ¢x(s) is negative in some 
interval (1 — a, 1), the inequality 


Cx (1 —€/2n) <0 
results for our fields. Applying Lemma 8.15 with so = 1 — €/2n we get 
h(K)a(K) > |d(K)|~*/" > |d(K)I-*, 


and the proof is complete. 

Now assume that there is an Abelian extension Ko/Q of degree n such 
that Cx vanishes at a point so of the interval (1 — ¢/2n,1). Fix such so, let 
K/Q be an arbitrary Abelian extension of degree n, and put L = KKo. 
The field L is obviously Abelian and we have [L : Q] < n?. Let Km be 
a cyclotomic field containing L, and let Hp, H, and Hz be the subgroups 
of its Galois group corresponding to Ko, K and JL, respectively. Finally for 
i = 0,1, 2 denote by A; the set of characters mod m which are trivial on H;, 
and, as before, let x’ be the primitive character induced by a character x. 
According to Theorem 8.6 we can write 


¢r(s) = Il L(s,x’), 


xEA2 


Cxo(s) = T] L(s,x), 


x€Ao 


and this together with Az D Ao implies ¢7,(s9) = 0. We can now apply Lemma 
8.15, which yields 


h(L)w(L) > B’so(1 — s0)|a(L)|°°~, 


with B’ = minn<n2 B(m). 
Corollary 2 to Proposition 6.2 gives 


|d(L)| < |d(Ko)d(k)|", 


and we obtain 
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h(K)«(K) > Ba|d(K)/"o") > Bald) |-?, 
with Bj and Bs depending on n, € and so. In view of the equality 
h({K)K(K) =A(L)x(L) [J 2,x’) 
x€A2\Ai 


we can write 


h(K)«(K) > |d(K)|-/? £0, x"). 
xE€A2\A1 


Lemma 8.16 gives now 


I] 2.x) <8 [] lostod<Bs [J fa”, 
xEA2\A1 xEA2\A1 x€A2\Ai 
and finally we arrive at 
h({K)K(K) > Blak)? YT] fod7*/? > Brld(K)I-*, 
xEA2\A1 
since in view of Proposition 8.7 we have 


I] foo = ld(Z)/a(x)). 


xe Ae \A1 


LJ 


The last lemma shows that 
log h(K) R(K) > log (|a(K)|"?-*) + O(4), 


and now it suffices to apply Corollary 4 to Theorem 7.3 to obtain the assertion 
of the theorem. Oo 


Corollary 1. For imaginary quadratic fields K we have 
log h(K) = € + o(1)) log |d(K)|, 
for |\d(K)| tending to infinity. 
Proof : In this case we have R(K) = 1. O 


Corollary 2. There are only finitely many imaginary quadratic fields with 
unique factorization. 


Proof : Apply Theorem 1.45 and the preceding corollary. O 
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The last corollary is not effective, and does not lead to an explicit bound 
for the largest absolute value of the discriminant of an imaginary quadratic 
field with unique factorization. An effective proof of this corollary will be 
given in the last section of this chapter. 


Corollary 3. When K runs over all complex Abelian fields of a fixed degree 
n, then the ratio h~(K) = h(K)/h(K7*) tends to infinity. More precisely, 
logh"(K) (1 

log |d(K)| ~ 4° 


Proof : Proposition 3.20 implies that any fundamental system of units of Kt 
generates a subgroup of finite index in U(K). This shows that the regulator R’ 
of such system, taken in K,, is not smaller than R(K), according to Corollary 
2 (iii) to Theorem 3.13. Since obviously R’ = 2”R(K*), with r = n/2—1, 
this leads to 
log R(K) < rlog2+log R(K*), (8.11) 
and thus 
log h~(K) = log(h(K)R(K)) — log(h(K*) R(K*)). 

Let now € > 0 be fixed. It follows from the theorem that if |d(K*)| is 

sufficiently large, say |\d(K*)| > T, then 
log(h(K)R(K)) = (1/2 — €) log |d(K)| = (1 — 2e) log |d(K*)}, 
and 
log(h(K*)R(K*)) < (1/2 — €) log |d(K*)|. 

(We used here the inequality |d(K)| > |d(K*)|’, resulting from Corollary 1 
to Proposition 4.15.) 

Subtracting, we get 

log(h(K*)R(K*)) > (1/2 — 3e) log |d(K*)| > (1/4 — 3/2) log |d(K)], 


hence it remains to consider those fields K for which |d(K*)| < T. By Theo- 
rem 2.24 this gives only finitely many possibilities for Kt. Thus R(K*) lies 
between two positive constants, and (8.11) gives R() = O(1). By Theorem 
8.14 we have 


log h(K) = (1/2 + o(1) log |d(K)| — log R(K). 


If R(K) > 1, then log R(K) = O(1), and if R(K) < 1, then log R(K) is 
negative, thus in both cases we get 


log h(K) > (1/2 + o(1)) log |d(K)}, 


and as in our case 1 < h(K*) = O(1), we are done. a 


Corollary 4. There are only finitely many complex Abelian fields with given 
degree and class-number. O 


436 8. Abelian Fields 


8.3. Class-number of Quadratic Fields 


1. The problem of determining the class-number of quadratic fields goes back 
to Gauss [01], who actually considered the number of equivalence classes of 
binary quadratic forms aX? +2bXY +cY? with rational integral coefficients 
a,b,c, satisfying (a,b,c) = 1, and having a fixed determinant b? — ac, under 
the action of SL2(Z). Those two class-numbers are intimately connected, 
as we shall see in this subsection. However, in contrast to Gauss, we shall 
consider binary quadratic forms f(X,Y) = aX?+bXY+cY? with a,b,c € Z, 
satisfying (a, b,c) = 1. Such forms are called primitive. The discriminant d(f) 
of f is defined by d(f) = b? — 4ac. 


A matrix 
A B 


Cc D 


(i.e., a matrix with entries from Z and unit discriminant) acts on f by means 
of 


M= | | € SL2(Z) 


Mf =9(X,Y) = f(AX + BY,CX + DY). 


Since the forms f and Mf have the same discriminant, and the inverse 
M~! also lies in SL2(Z), we obtain a partition of the set of all primitive 
quadratic forms of the same discriminant into classes, each class consisting of 
equivalent forms, two forms being considered equivalent if there is a matrix 
in SL2(Z) mapping one of them into the other. 

The theorem, which we now prove, establishes a connection between the 
number of equivalence classes of forms and the class number of a quadratic 
number field. 


Theorem 8.18. Let K be a quadratic number field of discriminant d, and 
let I be a non-zero ideal of Rx. Denoting the conjugate of an element c € K 
by ce choose a Z-basis a1, a2 of I in such a way that the number aya) — aga} 
is either positive, or lies on the upper half of the imaginary axis. With I we 
associate the quadratic form 


Nxjo(aiX +a2Y) — (a,X +a2Y)(a,X +a5Y) 
N(J) 7 N(D) 


f(X,Y) == 


We assert: 

(i) The form fr has integral rational coefficients, it is primitive, its dis- 
criminant equals d, and in the case of d < 0 it is positive definite. 

(ii) The map I ++ fr of the set of all non-zero ideals of Rx into the set 
of all primitive quadratic forms with coefficients in Z and of discriminant d 
(which, in case d < 0, are positive definite) is surjective. 

(iii) If two ideals I, J lie in the same class of H*(K), then the forms fr 


and fz are equivalent. Conversely, if fr, fz are equivalent forms, then the 
ideals I, J lie in the same class. 
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Proof : Fix the generator Vd of K so that it is either positive, or lies on the 
upper half of the imaginary axis. It follows from Propositions 2.9 (ii) and 2.13 
that if 1,w form an integral basis of K, and ay = Aj,+ Ajow, a2 = Agi +Aoow 
(with A;; € Z), then N(J) = | det[A;,]|, and an easy computation with the use 
of Theorem 2.18 shows that a,a)—a\,az = +N(JI)Vd. Changing, if necessary, 
the sign of a, we can find a basis of J of the required form. Now note that 
the coefficients of fy are equal to Nx /g(a1)/N(1), (a1ay + a4a2)/N(Z) and 
Nx/q(a2))/N(J), respectively. Since aj, ag lie in I we get N(I)|Nx (ai), and 
we see that a1a4 +a} a2 is a rational integer lying in IJ’ = N(I)Rx, hence it is 
divisible by N(Z). This shows that the coefficients of f; are rational integers. 
Note also that the discriminant of f; equals d, and this implies that our form 
is primitive. Indeed, if there is a prime p such that the form f;/p has integral 
coefficients, then its discriminant D equals d/p”, thus p = 2. However, every 
discriminant of a quadratic form is congruent either to 0 or to 1 mod 4, hence 
d(fr) =4D with D = 0,1 (mod 4), which is obviously impossible. To obtain 
the last part of (i) it suffices to observe that in the case of negative d the 
coefficient of X? in fy is positive. 

To prove (ii) consider a primitive binary quadratic form F(X,Y) = AX?+ 
BXY + CY? with discriminant d, and assume that F is positive definite in 
case of negative d. Put 


pu f(Bt+VdZ+2CZ ifC>0, 
(B-Vd)Z+2CZ ifC <0. 


Note that the case C = 0 cannot arise, as then d would be a square. An easy 
check shows now that I is an ideal, satisfying f; = F', and this proves (ii). 

Assume now that the ideals I = a1Z+a2Z and J = b\Z 4 boZ lie in the 
same class of H*(K), and let c1,c2 be totally positive elements of Rx such 
that c;I = coJ holds. Then c,a1, cja2 and c2b1, cob2 are two bases of the ideal 
c1J, thus there exists a matrix M = [m;;] € GL2(Z) with 


C1 A; = Mi1C2b1 + Migc2b2 (i = 1,2). (8.12) 


To the ideal c,J there corresponds, via the basis ca, c1@2, the form 


Nxjo(ciaX + c1a2Y) 
F(X,Y)= 
I Nese) 
and, via the basis c2b1, c2b2, the form 
N. bX boY 
G(X,Y) = K/Q(C2b1X + c2b2Y) 
N(J)Nx/Q(c2) 


Since evidently F = fr, G = fz and G = MF, we have fz = Mg; and so it 
suffices to show that det M = 1. Now 
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cob1chby — chb!,cobo = N(c2J)Vd = N(e11)Vd = craic,a) — chaicrae 
= (my1Cb1 + M12C2b2)(mMa1C4b4 + M22¢4b5) 
_ (myicyb} + ™12C4b5)(M21C2b1 + ™M22C2b2) 
= (cb1chb5 — cob.cab2) det M, 
and this shows that indeed det M = 1. 
Finally we prove that equivalent forms correspond to ideals from the same 
class in H*(K). Let F and G be two forms associated with ideals J = a,Z+ 


a2Z and J = b\Z+b2Z, respectively, and assume that F and G are equivalent, 
i.e., for a certain matrix M = [m,;] € SL2(Z) we have 


G(X, Y) = F(miX + mY, ma X + mY). 
Comparing the coefficients we see that either b;/b2 or (b1/b2)’ equals 
(aim + a2mM21)/(aimi2g + agm22), 


since these numbers differ only in sign from the solutions of the equation 
G(1,z) = 0. 

Observe that the second case is impossible. Indeed, in this case we would 
have, with a suitable t € Rx, the equalities 


aymy, + agmg1 = th}, aimi2g + agM22 = tbh, 
and so 
(1b5 — bbe) Nx a(t) = —(a1ay — ai,az) det M = —(a,a — aja), 
showing that Nx g(t) is negative. But on the other hand 


Nxq(th,X + tbgY) = Nxjo(t)N(J)G(X,Y) 


er wa) NO 


whence Nx g(t) = N(I)/N(J) must be positive, a contradiction. 
Hence the first case must hold, and so with a suitable t € K we have 


a1M11 + GgMoq1 = thy, a1M12 + GgM2 = tho, 


and the preceding argument gives Nyx/Q(t) > 0. Since det M = 1, we see that 
tbiZ + thoZ = I, thus tJ = I, and so J and J lie in the same class in H*(K), 
because t is either totally positive, or totally negative, and the latter case can 
be avoided by changing the signs of a; and az, which change does not affect 
the argument. O 
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2. Using Theorem 8.18, and results concerning the reduction of binary quad- 
ratic forms one can determine the value of h*(A), and obtain upper bounds 
for it (see e.g. Narkiewicz [86, Chap. 5]). However, using Corollary 2 to The- 
orem 8.10 one can obtain in the case of real K much better bounds, and this 
is what we now show. To simplify the notation we shall write h(d) to denote 
h(K), whenever K is the quadratic field of discriminant d. 


Proposition 8.19. For positive d one has h(d) < Vd. 


The proof will be based on a lemma of Hua, which improves in this case 
Lemma 8.16: 


Lemma 8.20. If d > 0, then 


1 
La(1) <1+ 3 log d. 


(Let us recall that La(s) = L(s, xa), where xa(n) = (%).) 


Proof : Consider the function S(n) defined for positive integers n by 


= 32 xabm 


a=1m=1 
and put S(—1) = S(0) = 0. In view of the identity 
S(n) — 2S(n ~ 1) + S(n— 2) =xa(n) (n=1,2,...) 


we may write 


n a S(n) 
La(l) = ee = ps SCESTCESTE 


Now put A = [Vd] + 1, and split the last sum into two: $1, with n 
ranging from 1 to A—1, and 5S, in which n runs from A to infinity. Since 
|S(n)| < n(n + 1)/2, we get 


A-1 
1 
< —_ < = < . 
ISi] < 2. nia= log(1 + A) — log2 < log Vd 
To evaluate S_ we prove first for 7 > Vd the inequality 
IS(9)| < jv'd/2. (8.13) 


In view of yag(—n) = xa(n) we obtain 
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a 


Vast) = V@S7 > xaln) = 29> YD xaln). 
a=0 n=-a 


a=0 n=1 


Theorem 6.16 combined with Proposition 6.14 (i) gives the equality 


d 
xa(n)Vd = S> xa(x) exp(27ixn/d) 


z=1 
(which holds also in the case (d,n) > 1, both sides being 0), hence 


j a d 
d, S> So xa(2) exp(2rian/d) 
d j a 

ay xa(x) 7 ye exp(2mizn/d), 


a=0n=—a 


Vd5(j) 


1 
2 


implying ‘ 
1 AS 
|\WdS(j)| < Ss a, | oe x exp(2rizn/d)|. 
xz=1 a=0n=-a 
In view of the identity 
j a , , 2 
sin(t(j + 1)/2) 
FSS enptin = (SH 1) 
cpeset sin(t/2) 


holding for real t # 27m (m € Z), we get, with j’ denoting the least non- 
negative residue of j mod d, 


Q sin( 7x 1)/d 
SID s exp(2rixn/d)| = > ard) 


z=1 a=0n=—-a g=1 


d 


4 (sin(rx 1)/d) 
= » (Sear) = > s exp(27ian/d) 


=1a=0n=-1 


= ss. >  amonae (j/ + 1)d- (7 +1)’. 


a=0 n=—a c=1 


This leads to 
1 . 2 
IS(9)I < glad vas (j’ + 1)/V4). (8.14) 
Now, if Vd < j <d, then j’ = j, and 3(1 +j)Vd— 4(j+1)?/Vd does not 


exceed j/d/2, which implies (8.13) in this case. In the case 7 > d we obtain 
from (8.14) by trivial estimate the inequality 
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1 
ISG) < 5+ d)Vd < jvd/2, 
which again gives (8.13). Finally 


|S(d)| = |S(d—1)| < (4-1) Va/2. 


Inequality (8.13) being established, we can now conclude the proof. In 
fact, that inequality implies 


“jt+1 vad 
Seva > SS ey, 
pa svay a 


and this shows 
[S| < |$1| + |S2| < 1+ log Va, 


as required. O 


Proof of Proposition 8.19: We use Corollary 2 to Theorem 8.10. The required 
evaluation of Lg(1) is provided by the lemma just proved, and we need only 
to obtain a convenient estimate of loge from below. For this purpose write € 
in the form 
T +UVd 
aes 


with T,U € Z and T? — dU? = +4. It is clear that 
T? = dU? +4>(d-4)U’, 
whence T > U\/d—4 and 
€> a > Vd—3, 
hence loge > log(d — 3)/2. This evaluation suits our purpose, because for 
d > 17 we get 


i 
_ VaLa(l) — Gl+zloed ae 


ng) 2loge ~ — log(d—3) ce 


and it remains to observe that for d < 17 we have h(d) = 1. Indeed, otherwise 
by Lemma 3.8 there would exist a non-principal ideal of norm not exceeding 
Vd /2. However, if d < 17 is a discriminant, then d < 13 and so the only ideal 
in question is the unit ideal, obviously principal. Oo 
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3. A lower bound for h(d) is provided for negative d by Theorem 8.14, which 
implies h(d) > d'/?~§ for every positive 5 and sufficiently large |d|. No com- 
parable result is known for positive d, and in fact it has been conjectured 
that for infinitely many d > 0 one has h(d) = 1. We shall now give a lower 
bound valid for infinitely many positive discriminants, which is a particular 
case of the Ankeny-Brauer-Chowla theorem: 


Theorem 8.21. For every positive 6 one can find infinitely many real 
quadratic fields Q(Vd) with h(d) > d\/?~9, 


Proof : Fix 6 > 0 and let e(d) > 1 be the fundamental unit of the field Q(Vd). 
By Theorem 8.14 we have 
qi/2-6 
* jog e(d) 
for all sufficiently large d. We have thus to bound e€(d) from above, and every 


bound of the form log e(d) = O(log d), valid for infinitely many fields, will do. 
We need an elementary result first: 


Lemma 8.22. For infinitely many n the number n? + 1 is square-free. 


Proof : Observe first that n? + 1 is never divisible by 4. aed an odd prime p 
os A,(T) be the number of integers n < T for which n? +1 is eiasible by 
p?, and observe that the number A(T) of integers n < T for which n? + 1 is 


square-free satisfies 
A(T)>T- SY > Ap(T). 
3<p<T 
Obviously we have 
w= SS is(e[Z]) renee 
n<T P p 


n2=—1(mod p?) a22=~—1(mod p2) 


and so 


A(T) >T-25°1-2T ~ = 1-25 T +0(T). 


p<T 3<p<r P pa3? 
Further, 
ee | boa? Be 
and eS ee ee Eee ee 
pe pai 6 47 12’ 


and so finally i 
A(T) > = +0(7), 


proving the lemma. BI 
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Now let D = n? +1 be square-free and consider the field K = Q(VD). Its 
discriminant d equals either D or 4D. The number 7 = n+ V/n?+1 > 1 is 
a unit in K, and so if € > 1 is a fundamental unit of K, then 7 = e holds 
with some N > 1. It follows that 


loge = “69 < logy = O(log n) = O(log d), 


and this suffices to our purpose. 


The presented argument implies that there are only finitely many square- 
free numbers D = n?+1 such that the field Q(VD) has a given class-number. 


4. Not much is known about the structure of H(K), or H*(K), in the general 
case. We prove now an old result, going back to Gauss [01], which determines 
the number of even invariants of H*(K) for quadratic fields K. 

Let K be a quadratic field, The factor-group 6(K) = H*(K)/H*(K)? is 
called the genus group of K, and cosets mod H*(K)? in H*(K) are called 
the genera. Denote by g(K) the cardinality of 6(K). Obviously all non-unit 
elements of 6(K) are of order 2, thus g(K) is a power of 2. The structure of 
6(K) is determined by the following theorem: 


Theorem 8.23. If K is a quadratic number field, and t is the number of 
distinct prime divisors of the discriminant d = d(K), then the group 6(K) 
is the product of t — 1 copies of the group C. 


Proof : Write K = Q(VD) with square-free D. We may assume D 4 —1, —3, 
as in these cases the theorem is trivially true. 

Observe first that 6(K) is the maximal homomorphical image of H*(K) 
having the form C2’. Therefore it is isomorphic with the maximal subgroup 
V of H*(K) of that form. Obviously V coincides with the set of elements 
of H*(K) having their orders bounded by 2. Observe also that V can be 
considered as a linear space over F2, and we have thus to show that dimg, V = 
t—1. 

Let pi,...,p- be the primes ramified in K. By Theorem 4.39 there exist 
prime ideals p,...,p; such that pjRx = p? holds for i = 1,2,...,t. If X; € 
H*(K) is the class containing p;, then Xx? = E, the unit class, thus X; € V. 

We show first that if X # E, X € V, then there exists an ideal IJ € 
X which is equal to its conjugate I’. To obtain this choose an unramified 
prime ideal p € X. Its norm N(p) = p= is a rational prime, and we have 
pp’ = pRx © E, implying X' = X~! = X. Therefore p’ lies in X, and with 
a suitable totally positive a € K* we have p’ = ap. Because Nx g(a) is 
positive, we get, in view of 


p = N(p') = Nx /Q(a)N(p) = Nx /o(a)p, 
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the equality Nx /g(a) = 1. This implies a = (1+ @)/(1 +’) and we get 
(1+a')p’ = (1+ a)p, 


showing that the ideal J = (1+ a)p € X is equal to its conjugate. 

Let m > 0 the maximal rational integer satisfying mRx|I, and write 
I=mJ. Then J € X, J'=J and J is not divisible by a proper ideal of the 
form nRx with n € Z. We shall now show that J has the form 


t 
J=|[pi', 
i=l 


with b; € {0,1}. To do that write 


k 
J=|[ 8%, 
i=l 


with positive exponents c;, and observe that none of the $8;’s can be of degree 
2, as in that case we would have 8; = qRx, with a rational prime q, hence 
qRx|J, contradiction. So all $B;’s are of degree one, and if one of them, say 
$8, would be unramified, then the equality J’ = J would force the equality 
3, = ; with a suitable 7 # 1, hence N(Pi)Rx = P1P{, would divide 
J, again a contradiction. We see thus that all prime ideal factors of J are 
ramified, and this implies that X lies in the subgroup Vo of H*(K), generated 
by the classes X1,..., Xz. Therefore V = Vo, and it remains to prove that 
the minimal number s of generators of Vo equals ¢ — 1. 

Now we shall prove the inequality s < t—1, and start with the imaginary 
case, which is easier, as every element of K is totally positive. 

If D 4 3(mod 4), then D = — ie pi, implying VDRx = 1A bee p;, and 
rh X; = E, leading to s < t—1 in this case. If, however, D = 3(mod 4), 
then d(k) = 4D, hence 2 is ramified, so let p; = 2. Then D = “Ts Diy 
hence /DRx = t=; p;, and Iz; X; = E, giving again s <¢—1. 

If K is real, then let « > 1 be its fundamental unit. If Nx/g(e) = —1, 
then «VD is totally positive, and the ideal generated by it is a product of 
some p;’s. This leads to a non-trivial relation. If the norm of € is positive, 
then write « = a+bVD with rational and positive a,b, and observe that 
y =1+.6e> 0 has positive norm, hence is totally positive. In view of 


yY=1l+eé=1+4+1/e=4/e 


we see that the ideal yRx is equal to its conjugate. Therefore we can write 


t 
yR = | [pi 
i=1 
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with certain nonnegative c;’s. If all c;’s would be even, then we could write 
7 = me* with suitable m € Z and k > 1. This would imply 


hence € would be a root of unity, which is absurd. Therefore at least one c; 
is odd, and this implies a non-trivial relation between the generators of Vj. 
Thus also in the real case we get dim V, < ¢ — 1. 

It remains to show that there are no other non-trivial multiplicative rela- 
tions between the classes X,...,X;. Assume thus that with some r<t—1 
we have j= Xj, = E. Then the product i p;, is principal, gener- 
ated by some totally positive a € Rx. Putting P = pji,---pi, we get 
aa’ = Nx /Q(a) = P and a? Rx = pi, --- pi, Rx. Thus, with a suitable unit u, 
we have 


a? = uP = uaa’, 


and therefore 


Nxjo(u) = Nx/9(a)?/Nx/o(a)Nx/o(a’) = 1. 


Consider first the imaginary case. The last equality implies a’ = +a. If 
a’ = a, then a € Q, its norm is a square, and so P is a square in K, which 
is possible only in the case, considered above. If a’ = —a anda = “+ yvd 
with z,y € Q, then x = 0, hence a = yvd with 2y € Z. But this implies 
4P = 4a? = D(2y)?, implying D|P, which is possible only if D = P, and this 
shows that our relation coincides with that found before. This establishes the 
theorem for imaginary quadratics. 

Now let K be real, and assume first that the fundamental unit € > 0 of 
K is of negative norm. In this case u = a?/P is positive, hence we can write 
u = e2” with a suitable n € Z. Then 


( a \e auc’. Ge = oe 

(eVD)" (e1VD)"— (e-1VD)" (eV) 

showing that the number a/(eVD)” is invariant under the Galois group, 
hence rational. Thus a = w(eVD)" holds with some w € Q, and we obtain 


P= pi, ++ pi, = Nxjq(a) = w*(-1)"(—D)" = wD", 


and so n must be odd, and we obtain that P differs from D by a factor which 
is a rational square. This, however, is possible only in the case considered 
above. 

Finally, let the fundamental unit € > 0 be of positive norm. In this case 
again u > 0, so we may write u = e” with a suitable n € Z. Then 
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thus the number w = a/(1+e)” is rational. Therefore P = w*(Nx/g(1+e))”, 
and we see that n is odd, as otherwise P would be a square. Now let P, = 
p1-:- p/P, and consider the ideal 


l= II p= (VP1)Rr. 


Repeating our argument with P, in place of a we get 
Pi = wi(Nxje(1 +6)”, 
with rational w; and odd m. This implies 
Pipe = PP, = (wur)?(Nxjg(l +6)”, 


but the right-hand side is a square, whereas on the left-hand side we have a 
square-free integer 4 1, contradiction. O 


Corollary 1. If K/Q is quadratic, then the group H*(K) has w(d) —1 even 
invariants, w(N) being the number of distinct prime divisors of an rational 
integer N. 


Proof : If H*(K) =|]; Ch, is the factorization of H*(K) with cyclic factors, 
then the canonical map of H*(K) onto 6(K) trivializes every factor with n; 
odd, whereas every factor with n; even becomes a non-trivial cyclic factor of 
6(K). Thus the number of even n,’s equals the number of non-trivial cyclic 
factors of 6(K’), because for even n;,n;, with i # j, the images of C,, and 
Cn; cannot coincide. O 


Corollary 2. The narrow class-number h*(K) of a quadratic number field 
K is odd if and only if the discriminant of K is a prime-power, i.e., d = —4, 
+8, (—1)-1)/2n (with odd prime p. 


Proof : A trivial deduction from the preceding corollary. O 


As an application of the theorem just proved we present now a quadratic 
field whose class-group H(K) is a direct factor of H*(K), and also a field in 
which this does not hold. 

First let K = Q(/34). Here d(K) = 28-17, w(d(K)) = 2, hence H*(K) 
has one even invariant. The fundamental unit has positive norm, because 
the unit 35 + 6/34 has positive norm, but it is not a square in K, and by 
Corollary 2 to Theorem 3.25 one gets h*(K) = 2h(K). By Lemma 3.8 in 
every ideal class of H(K) there is an ideal with norm not exceeding 5, and 
a routine examination of the ideals involved leads us to h(K) = 2, whence 
H(K) = Co. Since h*(K) = 2h(K) = 4 we obtain H*(K) = Cy, and so H(K) 
is not a direct factor of H*(K). 
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Now let K = Q(V/15). Here d(K) = 2? -3-5, w(d(K)) = 3. The norm of 
the fundamental unit is positive, since the equation 2? — 15y* = —1 has no 
solutions, even mod 3. Consequently h*(K) = 2h(K) and the inspection of 
ideals with small norms gives h(K) = 2, thus H*(K) = C2 x Co, and we see 
that in this case H(K) is a direct factor of H*(K). 

We conclude this subsection with an asymptotic result concerning the 
number g(d) of genera for negative d. 


Proposition 8.24. If d tends to —oo then the quotient g(d)/h(d) tends to 
ZeTO. 


Proof : Assume that for an infinite sequence d; of negative quadratic discrim- 
inants we have h(d;,) < Bg(d,) with some fixed B. Corollary 1 to Theorem 
8.14 implies g(d,) — oo, and so by Theorem 8.23 the number t, = w(d,) 
tends to infinity with k. Observe now that if p;, is the t,-th consecutive 


prime, then 
log |dy| > S > logp > Y~ logp, 
p\dr PSPt, 


and by an elementary result of Chebyshev the last sum exceeds Cipi, > 
Cot, logt, for some positive C,, Cj. Using again Corollary 1 to Theorem 
8.14 we get for large k the inequality 


h(dx) > |de|'/4 > exp(C3ts log tx) 
with a suitable C3 > 0, and so finally we arrive at 
exp(C3t;, log t,) < g(dx) = 2°*~! = exp((tz — 1) log 2), 


which is a clear contradiction for t, large enough. oO 


Corollary. For sufficiently large N there is no imaginary quadratic field 
whose class group is the product of N copies of C2. 


Proof : If H(K) = CN, then H(K) = H*(K) = @(K), hence g(K) = h(K), 
and the proposition implies that this can hold only for finitely many imagi- 
nary quadratic fields. 


5. It follows from Theorem 8.23 that for any power of 2 there exist infinitely 
many quadratic fields with class-number divisible by it. We present now a 
result of Nagell [22] which asserts that the same holds for any positive integer, 
if we restrict attention to imaginary quadratic fields. 


Theorem 8.25. Ifn is an arbitrary positive rational integer, then there exist 
infinitely many imaginary quadratic fields with class-number divisible by n. 


The proof of this theorem will be based on the following auxiliary result: 
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Lemma 8.26. Let D > 3 be a square-free rational integer, and q = p* a 
prime power, p being an odd prime. Assume that the equation 


x? + Dy”? = 2% 


has a solution z,y,z with (z,y) =1, 2{ 2, plz and p* { x. Then for the field 
K = Q(V—D) we have g|h(K). 


Proof : Our equation may be written in the form 
JJ' = N(J)Rx = z'Rx, 


where J is the principal ideal generated by £ = x + y/—D, and J’ is its 
conjugate. Our assumptions imply (J, J‘) = 1, hence J must be a q-th power 
of an integral ideal, say J = J%. Assume, contrary to our assertion, that 
p? || h(K) and b < a. Then (q,h(K)) = p®, and with suitable A,B € Z we 
obtain 
Aq+ Bh(K) =p’, 

showing that the ideal J?” = J4J"(*) ig principal. Now J is a p-th power 
of a principal ideal, and since the only units in K are +1, it follows that 
is a p-th power of an integer in K. We have now to distinguish between two 
cases: 

(a) D =1 or 2(mod 4), 

and 

(b) D = 3(mod 4). 

In the case (a) we can write 


a+yV—-D =£=(u+vV—D)? 


with suitable u,v € Z, which are relatively prime in view of (x,y) = 1. 
Comparing the rational parts on both sides of this equality we get 


gaat ee (5) iP Dae (, P _ uy?-1(— Dp) ®-0)/2 


thus 
0=z=u (mod p), 


and this shows p?|u?, thus p?|z, giving a contradiction. 
In the case (b) we proceed in a similar way. Write 


at+y/—-D=€= (u+S+lv—D)" 


with suitable relatively prime rational integers u,v. Putting t = 2u+v and 
proceeding as in the previous case we get 


P\ sp- Pp = = 
Pa = iP — (5) Po2y? D pee es , tyP-1(—D)&-V/2, 
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and from p|z we infer p|t. Hence p?|2?z and p?|x, which is a contradiction. 
Oo 


Corollary. Let D > 3 be a square-free rational integer, and let n be an odd 
integer. Assume that the equation 
x? + Dy? = 2” 


has a solution x,y,z with (x,y) = 1, 2{2z and (x,n?) equal to n*, the product 
of all distinct primes dividing n. Then the class-number h(K) of the field 
K =Q(vV—-D) is divisible by n. 


Proof : Immediate from the lemma. Oo 


Proof of the theorem: Let m be a given odd number, and let x be an integer 
satisfying (m,x) = m*. Then the polynomial X™ — 2? is irreducible over 
Q, because x? is not a m-th power for any non-trivial divisor m, of m. 
As we already have seen in the proof of Theorem 4.37 this implies that the 
congruence 2” = x? (mod p) has solutions in z for infinitely many primes p. 
We can even obtain solutions with 2™ = x? (mod p”), replacing z, if necessary, 
by z+ p. By the Chinese remainder theorem we can now obtain, for any 
r, infinitely many sets A = {pi,...,p,} of r primes such that with some 
za € Z we have p; || 2% — 2? > 0 (i = 1,2,...,r) and p; { zax. Write 
2% —x* = Day with square-free D4. Since the product pi --- p, divides Da, 
hence by Theorem 8.23 the class-number of K4 = Q(./—Da) is divisible by 
2%, 

To apply the corollary to the last lemma observe that we can always 
choose z4 to be odd (replacing z,, if necessary, by z4 + (pi---p,)?), and, 
moreover, that the condition (z,y4) = 1 is also fulfilled. Indeed, if q is a 
prime divisor of (z,y4) and q ¢ A, then replacing z4 by z4 + u(pi-:-p,)? 
with a suitable u € Z, we can obtain (z4,q) = 1. If a € A, then we have 
(za,q) = 1 by construction, and it remains to observe that q|(z, ya) implies 
q\z A: 

Thus we may apply the last corollary to get the divisibility of h(K) by m. 
We have obtained thus infinitely many imaginary quadratic fields with class- 
number divisible by 2"~!m, where r > 1 is arbitrary and m is an arbitrary 
odd positive integer. This establishes the theorem. Oo 


6. Theorem 8.23 implies that if a quadratic field has sufficiently many rami- 
fied primes, then its class-number is larger than any prescribed positive num- 
ber. An analogue of this result for arbitrary normal extensions of a fixed 
degree will be deduced from the following theorem giving a sufficient condi- 
tion for the existence of large subgroups in H(K): 


Theorem 8.27. There exists a function c(n) with the following properties: 
for any prime q and any field K of degree n the class-group H(K) contains 
CN as a subgroup, with 
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N >t, = ¢(n), 


where t = tg(K) denotes the number of rational primes p such that the 
ramification indices of all prime ideals of Rx lying over pZ are divisible by 
q- _ 

Moreover, if q # 2, r(K) is the unit rank of K, K is the field complex 
conjugated to K, and for any field L we denote by Ag(L) the degree of the 
composite of all pure fields Q(a‘/2) (with a € Q) contained in L, then 


N > tq — C4 (Kk), 
where 


@ = | ae if Ca EK, 
i r(K)+log A,((KK)*)/logq if, ¢ K. 


Proof : Let Cy be the maximal subgroup of the form cr of H(K). It equals 
H,/H{, where H, is the g-Sylow subgroup of H(K). Denote by I, the group 
of all non-zero elements of K which generate q-th powers of fractional ideals, 
and put P = (K*)?, U =U(K) and E = E(k). Then H,/H ~ I,/UP and 
the sequence 


1 — UP/EP — I,/EP — I,/UP —1 


is exact. Since all its terms can be regarded as vector spaces over k = F, we 
get 
N = dim, I,/UP = dim, I,/EP — dim, UP/EP. 


Theorem 3.13 gives 
dim, UP/EP = dim, U/EU?% = r(k), 


and so it remains to obtain a good lower bound for dim; I,/EP. Let t = tg 
and let p,,...,p; be rational primes, whose all prime ideals divisors in K 
have their ramification indices divisible by qg. All these primes lie in J,, so 
let X be the subspace of J,/EP generated by their images. If s = dim, X, 
then there are M = t—s independent linear relations between our generators 
of X. This shows that with suitable 0 < 2; < q—1, Aj € K* and z; © EB 
(¢@=1,2,...,t;7 =1,2,...,M) we have 


t 
b; = le" =2z,AU (j =1,2,...,M), (8.15) 
t=1 


and rank, (x; ;] =M. 

Observe that for any positive integer c and M > M(c,n) at least c+ 1 
numbers z; are equal, say 2] = 22 =... = 241, thus 6;/b14- = BY holds 
for j =1,2,...,c with suitable B; € K. Hence for 7 = 1,2,...,c the field K 
contains the field generated by (bj b85 7 )1/4, Observe further that the numbers 
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b;b27 a are g-independent in Q. Indeed, otherwise we would have with suitable 
0<Yy1,---,Yc <q, not all vanishing, and an r € Z, the equality 


IIe. tee = 


Thus ; 
[[* = TS: 
i=1 
where ° 
a = > 5 (24g + Bi,c41(g — 1)). 
j=l 
However 


c 
0 =a; =) y;(wig — ticx1) (mod q), 


and since rank, [2i; — %i,c41] = ¢, all y;’s must vanish. 

Lemma 7.41 (iii) implies now q°|n, thus c < logn/logq, hence M must 
be bounded. In view of the equality N =t— M —r(K) =t+ O(1) this gives 
the first assertion. 

If q is odd, then one obtains a better upper bound for M proceeding 
as follows: take the complex conjugate of both sides of (8.15), and mul- 
tiply pairwise. This leads to b} = BY with B; = A; A; € (KK)* for 
j = 1,2,...,M. Since the };’s ae jeintlepandent in Q aad q # 2, so are 
the Bs, Consequently the field (KK)* contains the composite of all fields 
Q((62)/2) which is of degree q™@, thus q@ < A,((KK)*). If K does not 
contain ¢,, all b;’s are q-th powers in K, and the same argument leads to 
GY = AK), This establishes the last assertion, and we see that one can 
have oa) =max{ci(K): [kK :Q| =n}. 0 


Corollary 1. If p is an odd prime and K/Q is a pure extension of degree p, 
then H(K) has at least tp — p invariants divisible by p. 


Proof : Here Ap(K) = p and ¢, ¢ K, thus q(K) =r(K)+1=p. O 


Corollary 2. If K/Q is either Abelian or totally real, and p is an odd prime, 
then H(K) has at least tp — r(K) invariants divisible by p. 


Proof : In this case Ap(K) = Ap((KK*)) =1. oO 


Note that this corollary fails to hold for p = 2 in the case of imaginary 
quadratic fields, as shown in Theorem 8.23. 
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Corollary 3. If K/Q is cyclic of an odd prime degree p, then H(K) has at 
least w(d(K)) —p+1 invariants divisible by p. 


Proof : In this case every ramified prime is counted by ty, thus tp = w(d(K)) 
and since r(K) = p—1 the assertion follows from the preceding corollary. O 


Corollary 4. If K,, Ko,... is a sequence of normal extensions of Q of a fixed 
degree n and w(d(K;)) tends to infinity, then lim, h(K;) = oo. 


Proof : Since every prime ramified in K;/Q is counted by t,(K;) for a certain 
prime divisor p of n, the number 


max{t,(K;) : pin} 
tends to infinity, and we may apply the theorem. O 


7. Finally we turn to imaginary quadratic fields with class-number one, and 
start with a curious result of Frobenius [12] and Rabinowitsch [13], displaying 
a connection between these fields and the problem of representing primes by 
quadratic polynomials. 


Theorem 8.28. Let K be an imaginary quadratic field with discriminant 
d # —3,—4, —8. Then h(K) = 1 holds if and only if d = 1(mod 4), and for 
x=1,2,...,(1—d)/4-1 the polynomial 

1-d 


F(X) =X°-X+—— 


attains exclusively prime values. 


Proof : Let K be an imaginary quadratic field with h(K) = landd=d(K) 4 
—3, —4, —8. Observe first that Corollary 2 to Theorem 8.23 implies that d = 1 
(mod 4). Put w = (1+ Vd)/2, and recall that 1,w is an integral basis for K. 
For z € Z we have Nx/g(# + w) = Fa(x), and for = 1,2,...,(1 —d)/4 the 
inequality Nx g(x +w) < (1—d)?/16 holds. Note that for x in this range the 
numbers z+w are all irreducible, independently of the assumption h(K) = 1. 
Indeed, from x +w = ab we infer Nx jg(ab) < (1 — d)?/16, and so the norm 
of one of the factors, say of b, does not exceed (1 — d)/4. But if r+ sw is an 
arbitrary irrational element of Rx (i.e., s # 0), then 


Nx/o(r + sw) =r? —rs + (1— d)s?/4 = (r — 8/2)? + |d|s”/4, 


and this exceeds (1 — d)/4. Thus b must be rational and it suffices to observe 
that x + w does not have rational integral divisors except +1, and so is 
irreducible. 

Now we use the assumption h(H) = 1 to infer that the elements x + w 
generate prime ideals, and so their norms are either primes or squares of 
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primes. The last possibility could arise only if +w happened to be rational, 
which is impossible, and so the values of Fy(x) = Nx/g(z +w) are rational 
primes for x = 1,2,...,(1 — d/4) —1, proving the necessity of the condition 
stated. 

To prove its sufficiency assume that d = 1(mod 4) (thus |d| > 7), and 
that for z = 1,2,...,(1 —d/4) — 1 the numbers F(x) are prime. Assume 
moreover h(K) > 1, and choose a non-principal ideal J with the least norm. 
Obviously it must be a prime ideal and its norm has to be a rational prime, 
say p, not exceeding 2./\d| /7, in view of Lemma 3.8. 

As the index of w = (1+ Vd)/2 equals 1, and Fy(X) is its minimal 
polynomial, Theorem 4.33 shows that 


pRK =1IJ, I=pRx + (w-—w1)Rx,J = pRx + (w — we) Rx, 


where w ,,w2 are solutions of the congruence Fy(x) = 0(mod p). We may 
assume that 1 < w; <p —1 holds for 1 = 1,2. Let € = w+p— wy. The norm 
N of € equals Fy(p — w1), and since 


0<p—w <p—-1<2y|dl/m < (1—d)/4 


holds for |d| > 7, our assumption implies that N is a prime. Now observe 
that € lies in J, and therefore 


Nxjo() =N=p=NU), 


leading to €Rx = I, and so I is principal, a contradiction. O 


8. We conclude this section with an upper bound for the absolute value of the 
discriminant of an imaginary quadratic field with class-number one. We follow 
Bundschuh and Hock [69], but use a stronger version of Baker’s method. 


Theorem 8.29. If K is an imaginary quadratic field with h(K) = 1, then 
|\d(K)| < 6 - 10°°. 


Proof : According to Corollary 2 to Theorem 8.23, if |d()| > 10 and A(K) = 
1, then d(K) = —p, where p = 3(mod 4) is a prime. We show now that p 
must be congruent to 3 mod 8. 


Lemma 8.30. If d = d(K) = —p < —10 and h(K) = 1, then p is congruent 
to 3(mod 8). 


Proof : Assume to the contrary that p = 7 (mod 8). Since (p+ 1)/4 > 2 is 
even we can write (p + 1)/4 = 2a with a > 2. Consider the quadratic form 
2X2 4+ XY + aY%, which is of discriminant d. In view of h(K) = 1 this form 
must be, according to Theorem 8.18, equivalent to every positive definite and 
primitive form of discriminant d, and so, in particular, it must be equivalent 
to the form X? + 2aY. Since the latter represents 1, the same must be true 
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for f. This is not possible, because for x € Z we have f(x,0) = 2x7 4 1, and 
if y is a non-zero rational integer, then for x € Z we have 
Dei DUEL D 

y)=2(etS) + oF a1. 

f(x,y) a+ ri + me > 


O 


The next lemma provides an analytic identity on which the proof of the 
theorem rests. We use the following notation: Q(X, Y) is the quadratic form 
X?4XY+ +(p —1)Y? of discriminant d, x is the primitive character induced 
by the unique non-principal character in X (A), and for prime q # 2 we denote 
by Xq the unique primitive real character modgq. In what follows we assume 
that |d| exceeds 200. 


Lemma 8.31. Jf q = 1(mod 4) is a prime, then for Re s > 1 the following 
identity holds: 


L(8,Xq)L(8,xXXq) = ¢(28) (1 = ii) 


ack a ROD G 2-28 __1)¢(2s—1)+R,(s), (8.16) 


q I(s) 
where 
1 a 
R,(s) = - (2 ) dy Se xa(Q(m, y)) 5° Te(m, y, 8), 
q = m=0 k40 
Tk(m, y, s) = exp (7A teh) Jo(ky, s) 
and 


_ [% exp(—miN ,/pu/q) 
Jo(N, 8) = iz ees) ee 


Proof : We start with the identity 


Lex tery = 5) ae 


m,n=1 (mn)* 
A (r) 
“hie po 


valid for Re s > 1. 
Comparing the coefficients of the Dirichlet series on both sides of the 
equality Cx (s) = ¢(s)L(s, x), resulting from Theorem 8.6, we see that 
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F(r) => x(@) 


d|r 


equals the number of ideals of Rx with norm r. Now every ideal of Rx is 
principal, and since K contains only two roots of unity, F(r) equals G(r) /2, 
where G(r) denotes the number of integers of Rx with norm r. Since an 
integral basis of K is formed by 1 and w = (1+ Vd)/2, and Nx/@(x+ yw) = 
Q(z, y), we obtain finally that 2F'(r) equals the number of representations of 
an integer r by the form Q (This is the only point of the proof where we use 
the assumption h(K) = 1.) 
It follows that 


L(8, Xq)L(8,XXq) = 5 cen 2D eat 


The first summand equals 


hence it agrees with the first summand in (8.16). 

The second summand is more complicated, and requires some stronger 
tools. Let us call this summand S and using the equality Q(—z,—-y) = 
Q(z,y), write S in the form 


ee y ‘3 xe) 


y=1 2=—co 


co q-l 1 
= 2, 2, XalQ0m¥)) ou Cr 


Now we apply Poisson’s formula (Theorem VIII of Appendix I) for G = 
R* and H = Z to get 


s-)> 


y=1m=0 k=—0oo 


te 


Xq(Q(m, y)) oa soe 


Making the substitution m+ qt + y/2 = yu,/p/2 in the inner integral, and 
noting that Q(x,y) = (x + y/2)? + py?/4 we obtain 


eis 2 ( eo “Sy 15 2 F ay(aton y)) G(m,y), 


where 


G(m,y) = 3 exp (= (m + ¥)) Ja(ky, s). 


k=—oo 
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In the last equality put z = ky, and isolate the term corresponding to 
z = 0, which equals 


53 () Lara dy Ewan 


q-1 


1 1/2-s _T(s—1/2) 12.5 
at (By ye yy X xa(Qem,). 


y=1 


Since gq = 1(mod 4), the character y, is even, and Proposition 6.14 (i) 
and Theorem 6.16 imply 


(a) = Ti(Xq) Ta(Xa) 


T(Xq) 7 Va 
Thus 
> Xq(Q(m,y)) Aurel > exp(2nijQ(m, y)/q)- 
m=0 


Put M = (q¢+1)/2 and observe that 
Q(m,y) = (m+ My)? +pM?y? (mod q), 


and since by Proposition 6.14 (i) and Theorem 6.16 we have 


Ye exp@2miin® a) = (2) a= xaldva 


n=0 
we arrive at 
q- q-1 
Fw Q(m,y)) = tx j) exp(2ijpM?y?/q) S_ exp(2nijn?/q) 
Vasa n=0 
ae 1 ifd| 
= 2,2 _Jq— uw gy; 
a 2,27 2nijpM”y")/q) = { —1 otherwise. 
j= 
This gives 
lee) q-1 
yor SS xa(Qim, 9) = So(@- Dy? — Soy? 
y=1 m=0 ae ce 
aly aty 


= (q?-** — 1)¢(2s — 1), 


and we see that Sp coincides with the second term on the right-hand side of 
(8.16). One realizes immediately that the remaining part of S equals R,(s) 
and so equality (8.16) results. Oo 
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The formula for the product of two L-functions, obtained in the last 
lemma, has an advantage over other possible formulas of that type, because 
the remainder term R,(s) is very small at s = 1, and this will enable us 
to apply Baker’s method. An evaluation of R,(s) is contained in the next 
lemma: 


Lemma 8.32. The series defining R,(s) converges in a neighbourhood of 
8s =1 to a continuous function, and if q < 13 and p > 200, then 


|R,(1)| <  or(—tvP/a). 


Proof : The first assertion follows from the estimate 
|Jo(ky, s)| < (ky)~? 


holding for k # 0 in a neighbourhood of s = 1, which can be obtained from the 
definition of Jo by iterated partial integration. To prove the second assertion 
we have to compute Jo(ky, 1). Write 


exp(iAz) 


=-nkyB/q and f(z) = PS 


Let R be a large positive number, and integrate f over the upper half of 
the circle |z| = R if & is positive, and over the lower half of that circle if k 
is negative. Since these integrals tend to zero when R goes to infinity, the 
residue theorem leads to 

Jo(ky, 1) = wgl*! 


with € = exp(—7,/p/q) < 1. This yields 


|Rq(1)| < > s So |Ja(ky, 1)| < 7 me 


y>1m=0k40 VP SI kA~0 


&Y 
aes ae ; 


VP oats 


s v= 
< Vil a = vp(1— £) 4 »» vP(1 ie 
Using the inequalities p > 200 and q < 13 we get (1 — €)~? < 1.07, and 
our assertion follows in view of 1.07-4a < 14. O 
Letting in (8.16) s tend to 1, which is allowed by the last lemma, we get 


2 log q 


q/P 


Fa 
E(t xXe) b(t xe) = (1-3) + EEE + Re 
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Putting in this equality first g = 5 and multiplying by 168/169, and then 
putting g = 13 and multiplying by 24/25 we obtain by subtraction 


168 24 
_= | 
L(1, x5) L(1, xxs) = 1(1, xis)L(1, ay (ae 65 — soe log 13) 
168 


= cag R(t) = = Ris(1). 


168 
169 


Proposition 8.12 shows that 


log a log b 
L(1, xs) — ie L(1, x13) ae Wart 


with a = (1+ /5)/2 and b = (3+ V/13)/2, and we infer from Corollary 2 to 
Theorem 8.10 that 


L(1,xx5) = h(K1)/y/5p, L(A, xx13) = h(K2)//18p, 


where K, = Q(/—5p), Ko = Q(./—13p) and taking ¢ = 5168°13-64 we 
obtain 


840h(K1) log a — 312h(K2) logb + loge = VP (4200s (1) — 4056R13(1)). 
Corollary to Theorem 4.10 shows that for p > 1011 we have 


4 4 
h(i) < 5VPlogp and h(K2) < 3 VP logp, 
hence, applying Lemma 8.31 we get 
|x; loga + x2 logb + loge| < 36 791 exp(—7,/p/5) < exp(11 — 1y/p/5) 


with 21,22 € Z, |x;| < 672,/plogp. Denoting by H(u) the height of a 
number u, as defined in Appendix III, we have H(a) = 1, H(b) = 3 and 
H(c) < exp(2704). Moreover, x1 log a + x2 log b + logc does not vanish, since 
otherwise we would have a*b®2c = 1, implying b*? € Q(V/5), which is im- 
possible. Observe finally that the field Q(a,b,c) is of degree 4. Applying 
Baker’s theorem in the form given in Appendix III with A; = e, Ag = 3, 
Ag = exp(2704), C = 192° < exp3155, M = 700,/plogp < p, we get 


log(|a1 log a + x2 log b + log c|) > —2971e°? log p. 


Hence 
2971e°? log p > a — 11, 


implying p < exp(130.67) < 6-10°°, as asserted. oO 
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8.4. Notes to Chapter 8 


1. The results presented at the beginning of this chapter are specializations 
of the class-field theory to the case of the rational ground field, in which 
case they are elementary consequences of the Kronecker-Weber theorem and 
Chebotarev’s density theorem. Cf. Carlitz [33]. 

Corollary to Proposition 8.1 is essentially due to Hilbert [97] (see also 
Speiser [16]). An analogue of Corollary to Proposition 8.1 for infinite Abelian 
extension appears in Lundstrém [01]. 

It follows from Theorem 6.16 that the conductor of a quadratic field K 
equals |d(A’)|. Formulas expressing the conductor of cyclic cubic, resp. quartic 
fields K in terms of the coefficients of the minimal polynomial of an integral 
generator of K were given in Huard, Spearman, Williams [94] and Spearman, 
Williams [96c], respectively. 

An analogue of Theorem 8.6 is valid for arbitrary extensions L/K of alge- 
braic number fields, the quotient ¢,,(s)/¢x(s) being in this case the product 
of suitable Artin LZ-functions. In the Abelian case this quotient is a product 
of zeta-functions associated with characters of a suitable group H7(K). See 
e.g. Cassels, Frohlich [67], Hasse [26c], Lang [70], Neukirch [92]. Ankeny [52a] 
asserted a kind of a converse to Theorem 8.6, stating that if F'(s) is a product 
of a finite set of Dirichlet L-functions with at most one factor corresponding 
to a trivial character, and the Dirichlet series of F' has non-negative coeffi- 
cients, then F’ is the Dedekind zeta-function of some Abelian extension of the 
rationals. For a simple proof see Iwasaki [52]. 


2. The formula appearing in Proposition 8.7. is known as the conductor-disc- 
riminant formula. An analogue of it holds for all relative Abelian extensions. 
See Hasse [30c], [34], Tatuzawa [73c], Vassiliou [33]. For the non-Abelian case 
see Artin [31]. 

It seems that Theorem 8.8 has never been explicitly stated, although all 
ingredients of its proof are contained in the paper of Kubota [56a], on which 
our approach is modelled. Lemma 8.9 is due to Delsarte [48], and the proof 
given by us is that of Wiegandt [59]. A more precise version of Theorem 8.8 
has been obtained by Maki [88], [93]. 

It was shown in Sarbasov [67] that in Corollary 2 to Theorem 8.8 in case 
of p > 5 the remainder term is O(«) for every a > 1/(p—1) —3/(p+3). For 
p = 3 one can take here any a > 1/4 (Urazbaev [54]). Asymptotics for the 
number of extensions of Q with Galois group or and bounded discriminant 
was determined by Zhang X. [84b,c]. Its main term can be also obtained 
from Corollary 1 to Theorem 8.8. For octic fields with Galois group C3 see 
Baily [81] Several papers by Urazbaev and his collaborators dealt with ana- 
logous problems for various classes of Abelian fields. This research has been 
subsumed in the book of Urazbaev [72]. An elementary proof for cyclic quartic 
fields appears in Ou, Williams [01]. 
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A complete solution of the problem of asymptotics for the number of 
Abelian fields with given Galois group and bounded discriminant was given by 
Maki [85]. The same problem for Abelian extensions of an arbitrary algebraic 
number field has been resolved by Wright [89]. In the case of extensions of 
prime degree his result was made more precise in H.Cohen, Diaz y Diaz, 
Olivier [02a] (cf. H.Cohen [00b]). 

The number of Abelian fields of a given degree, which have prescribed 
ramification indices for a fixed set of primes was evaluated in Travesa [90a]. 
Haberland [74] studied asymptotics of the number of Abelian extensions L/K 
with a given Galois group, with norms of ramified prime ideals bounded by 
x. 

Similar questions for non-Abelian extensions are much harder to handle. 
Cubic extensions of arbitrary algebraic number fields have been treated in 
Datskovsky, Wright [88] (see also Davenport, Heilbronn [69], Roberts [01]. For 
the quartic case see Baily [80], H.Cohen [03], H.Cohen, Diaz y Diaz, Olivier 
[00], [02b]. Frobenius fields were considered in Steckel [83] (a general theory 
of this class of fields was given in Steckel [82b]). For a survey see H.Cohen 
(02). 

Asymptotics for the number of fields of a fixed degree in which the ideal 
generated by a given rational primes factorizes in a prescribed fashion has 
been considered in Del Corso, Dvornicich [93]. 


3. Corollary 1 to Theorem 8.10 goes back to Kummer [50a], [61], [63]. Other 
special cases of Theorem 8.10 were obtained in Fuchs [66] and Fueter [17], 
and the general case occurs first in Beeger [19], [20] and Gut [29]. A thorough 
study of the class-number formula given in that theorem is accomplished in 
the important book of Hasse [52a]. 

In special cases the formula given in Theorem 8.10 may be brought to a 
simpler form. See Hardy, Hudson, Richman, Williams, Holtz [86], [87] for the 
case of imaginary cyclic quartic fields. 

There exist class-number formulas also for other classes of fields. For pure 
cubic fields such a formula was given by Dedekind [00]. For Abelian extensions 
of imaginary quadratic fields see Fueter [10], Kubert, S.Lang [81, chap.13], 
Meyer [57], Novikov [62], [67], Ramachandra [64], [69], Robert [73], Schertz 
[77]. 

Hecke (21b] obtained such a formula for the ratio h(L)/h(K) in the case 
when K is totally real, and L = K(,/a) with totally positive a. He conjectured 
that there might exist an elementary formula for that quotient also in the 
case of totally negative a, and this was confirmed by Goldstein [73b] (except 
certain particular cases), and Shintani [76b] (cf. Goldstein, de la Torre [75], 
Reidemeister [22]. 

If K is real Abelian, then one can express h(K) by indices of certain 
subgroups of U(k’) (Leopoldt [53b], Schertz [79]). These formulas are partic- 
ularly simple for K = KZ in which case h(Kj) equals the index of the group 
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of cyclotomic units in the group of all units of K, (Kummer [(50a,b], [51]; cf. 
Iwasawa [76], Segal [68], Washington [82]). 

Deuring [69] utilized a method of Siegel, developed by Ramanathan [59}, 
to express h(K) by Bessel functions. Modular forms were used in Kiselev 
[55a] to get a formula for the class-number of cubic fields with negative dis- 
criminant. 

Landau [04] proved that the Dirichlet series of ¢x(s)/¢(s) converges at 
s = 1, and this leads to a formula for the product h(K)R(K). 


4. The class-number formulas for quadratic fields (Corollary 2 to Theorem 
8.10 and Corollary 1 to Proposition 8.12) as well as Proposition 8.12 are due 
to Dirichlet [38], [39] (whose result covers only the case 4|d(K)) and Kro- 
necker [85]. They both used the language of quadratic forms. The old prob- 
lem of finding an elementary proof of these formulas was solved for negative 
discriminants by Orde [78] (for an exposition see Narkiewicz [86, Chap.V]), 
and in certain special cases earlier by Davis [76] and Venkov [31]. Mordell 
[18] found another analytical proof. See Louboutin [02b] for a simple way to 
compute the class-number of quadratic fields using Dirichlet’s formulas. 

For short proofs of the fact that the sum appearing in Dirichlet’s formulas 
for d < 0 does not vanish see Metsankyla [77] and Ullom [74b]. 

Several formulas expressing the class-number for various classes of imagi- 
nary quadratic fields by character sums were given in Hudson, Williams [82]. 
See also the book of Urbanowicz, Williams [00]. 

For early results on this topic the reader should consult the third volume 
of Dickson [19]. 

Other results concerning formulas for the class-number see Barkan [75], 
Bergstrom [44], Berndt [73], Berndt, Evans [77], Bitimbaev [68], Bélling [79], 
Eichler [55], Goldstein, Razar [76], Hasse [40], Hecke [25], [30], [39], Lerch 
[05], McQuillan [62], Mordell [60b], [64]. 

Analogues of Proposition 8.12 for zeta-functions of Hecke characters of 
finite order in a quadratic number field were obtained by Siegel [61] (cf. 
Rideout [73]). For other fields see King [68], Shintani [77b]. 


5. Proposition 8.11 is valid for all cyclotomic fields, hence the first factor h7 is 
always an integer. If n is a prime-power, then Kummer asserted that h*(K;") 
divides h*(K,,) = h(K,,), but this fails in general, as the example n = 100 
shows. Tables of hz were prepared for all n with y(n) < 256 by Schrutka 
v.Rechtenstamm [64] (cf. Washington [82]), and for primes p < 3000 in Fung, 
Granville, Williams [92] (cf. Jha [95]). A numerical study of hf for p < 104 
appears in Schoof [03]. 

The structure of H(K,,) for all n with h(K,) < 10* was determined in 
Tateyama [82a], where also the structure of the factor group H(K,)/H(K;) 
was found for primes p < 227, with certain exceptions. 

The group H~(K,,) is defined as {X € H(Kn): T(X) = X71}, where 
T € Gal(K,,/Q) is the complex conjugation. The structure of H~ (K,), as an 
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Abelian group and as a Galois module was determined for all primes p < 509 
in Schoof [98]. Cf. Jha [95]. 

For all primes p < 10*, except p = 7687, the 2-class group of Ky is cyclic 
(Cornacchia [01]). 

Corollary 2 to Proposition 8.12 was obtained by Lepist6 [69] and Metsan- 
kyla [72], and the proof given by us is due to Metsankyla [74]. Cf. Carlitz 
[61], Masley [78b]. For an improvement see Ferig [82b], where a bound for 
hyn was given (cf. Metsankyla [67a]). 

It has been shown in Turnbull [41] and Carlitz, Olson [55] that for odd 
primes p the Maillet’s p x p determinant 


det [ROI <ig<p ’ 


(where R(a) denotes the least positive residue of a mod _ p, and a’ is defined by 
aa’ = 1(mod p)) equals p'?~*)/2h>. See Carlitz [61], Dohmae [94], Endé [96], 
Fuchs [97], Galkin [72], Girstmair [93], Hazama [90], Hirabayashi [98], [99], 
Hyyr6 [67], Kanemitsu, Kuzumaki [98], Kuéera [01], Kiihnova [79], Masley 
[78b], Metsankyla [67a], [84], [97], Sands, W.Schwarz [95], W.Schwarz [93], 
Tateyama [82b], Tsumura [96], [00], K.Wang [84] for various generalizations. 


6. A congruence relating h, to Bernoulli numbers was given by Vandiver 
[18], and a simpler proof was presented in Slavutskii [69] (cf. Hasse [66], 
Inkeri [55]). Tables of Bernoulli numbers Bo, for n < 62 can be found in 
Washington [82]. For 63 < n < 92 and 91 < n < 110 see Davis [35] and 
Lehmer [36], respectively. A bibliography on Bernoulli numbers was prepared 
by Skula and Slavutskii [87]. 

Carlitz [68] determined explicitly an integer g(p) (for odd primes p) such 
that 

g(p)hy =h, (mod p). 

This implies in particular that p|h} yields plh>, a result of Kummer [50a]. A 
new proof was given by Metsankyla [70a], [73], who also generalized Carlitz’s 
congruence, replacing K, by any its subfield, and regained certain congru- 
ences for class-numbers of quadratic fields obtained earlier in Ankeny, Artin, 
Chowla [52] and Kiselev [48]. 


7. It was conjectured by Kummer that h> equals asymptotically 
(p—1)/2 
VP 
L(p) = 2p | — 
(p) = 2p ( oe 
and it was shown in Ankeny, Chowla [49], [51] that 
logh, = log L(p) + o(logp). 


Cf. Hyyr6 [67], Lepist6 [63], [66], [68], [74], Masley, Montgomery [76], Metsan- 
kyla [67a], [70a], Pajunen [76], Puchta [00], Siegel [64], Tatuzawa [53]. 
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If g runs over all powers of a prime p then 


loghy = (1/4 + 0(1))(1 — 1/p)qlog q, 


as shown by Goldstein [73c]. 
Recently Murty and Petridis [01] proved that for a certain c > 0 and 
almost all primes p one has 


1 hz 

Sek <'¢, 

c 
Earlier Granville [90] showed that this inequality is true for every c > 0 
and a positive proportion of primes. In the same paper he proved that if 
Kummer’s conjecture is true, then at least one of the following conjectures 
is false: the conjecture of Hardy and Littlewood, stating that the number of 
primes p < x, such that 2p+ 1 is also prime, is > 2/ log? x, or the conjecture 
of Elliott-Halberstam, which asserts that for 

n(x) 
) 


E(z,q) = a EG a) — aa) 


one has 


xv 
E(x,q)| < ——— 
S> |EG,@)| ee 


q<al—« 


for every positive « and M = 1,2,.... 

The result of Ankeny and Chowla implies that the equality hz; = 1 can 
hold only for finitely many primes p. Uchida [71] proved that this implies p < 
19, and Masley and Montgomery [76] determined all integers m # 2 (mod 4) 
with h;, = 1 (there are 29 such m’s, the largest being 84). The sequence h; 
grows rather quickly, and already for p > 229 one hash; > 31- 10*° (Lepisté 
[74]; cf. Hoffstein [79]). 

It has been shown by Furtwangler [11] that if p { hp, then for all n > 1 
one has p{ hp». 

Asymptotical behaviour of hp is not known. The upper bound 


? 


‘p\ (P-2)/2 
hp < 20 (®) 
valid for p > 36 appears in Slavutskii [86]. 

The ratio k(p") = hpn/h,,-1 is always an integer, as shown by Westlund 
[03], and it increases with n for every large fixed prime p (Lepisté [66], [67]). 
Cf. Girstmair [91], Metsankyla [69], [72], Morishima [33], [34], Pollaczek [24], 
Shiratani [67]. 

Kummer [50a] asserted that if p is an odd prime and K Cc L C Q(G), 
then h*(K.) divides h*(L). His proof was incorrect, and the first correct proof 
of this assertion was given by Furtwangler [08]. It was shown by Herbrand 
[32a] that one can replace here h* by h. 
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For other results dealing with divisibility of h(L) by h(K) in case K C 
L see Adachi [73], Frohlich [57], Honda [60a,b], Inaba [37], Iwasawa [55al, 
H.Lang [77], Latimer [33], Yokoi [67], [68b], Yokoyama [67]. 


8. A prime p is called pseudo-regular, if p divides hp, and the p-part of 
H(K,) is cyclic. Skula [75] proved that for such primes we have p { hj. 
Earlier (Skula [72]) he established the first case of Fermat’s Last Theorem 
for pseudo-regular exponents. It has been earlier asserted by Vandiver [34] 
that for this already the condition p { hy suffices, but his proof seems to be 
incomplete (see Ribenboim [79], p.188). Cf. Dénes [52b], Vandiver [29a]. 

No prime satisfying piht is known, and a conjecture of Vandiver asserts 
that this never happens. Consequences of this conjecture are discussed in 
Washington [82] (Ch. 10) (cf. Vandiver [39a,b], [41]). Vandiver’s conjecture is 
equivalent to the statement that for all real Abelian fields K with conductor 
equal to p one has p { h(K). This is true for cyclic fields of degrees 2, 3, 4 and 6 
(C.Moser [81], Moser, Payan [81]). In Jakubec [94a] a sufficient condition for 
the truth of Vandiver’s conjecture is given in terms of Bernoulli numbers. For 
generalizations of Vandiver’s conjecture see Shiratani [71], Slavutskii [72b], 
Uehara [75]. 

The hope that always one has ht < p was destroyed first in Cornell, 
Washington [85] under the assumption of GRH, and then in Seah, Washing- 
ton, Williams [83] with the example p = 11290018077. A smaller example, 
p = 641492 was found later (Schoof, Washington [88]). In this case one has 
ht = 1566401. 

Another conjecture states that hf, = 1 holds for all n. See H.Cohn [60] 
for numerical results on this question. One has always 2 { h( Kon) (see e.g. 
Hasse [52a], [55]). 

Shokrollah [99] computed h~ (K) for all Abelian imaginary fields of prime 
conductor < 104. 

It has been proved in Kimura, Horie [87] that for every fixed integer N 
one has N|h,, for almost all n. The parity of hn in case when w(n) < 3 can 
be determined in terms of cyclotomic units (Yoshino [98]). 

Divisibility of ht for cyclotomic, and, more generally, Abelian fields, by 
various primes and/or their powers was considered in Cornacchia [97], Estes 
[89], Jakubec [93], [94b,c], [95], [96a], [97], [98], Kubert [86]. 

For other results concerning h;f see Ankeny, Chowla, Hasse [65], Dénes 
[55], Gerth [83a], S.D.Lang [77], Metsankyla [69], Mirimanoff [91], Morishima 
[66], Vandiver [29b], Yamaguchi [71]. 


9. Primes p with p { h, are called regular, and the remaining primes are 
called irregular. Kummer [50a] proved that a prime p is irregular if and only 
if it divides the numerator of a non-zero Bernoulli number with index not 
exceeding p — 3 (cf. Kronecker [56a]), and proved (Kummer [50c]) Fermat’s 
Last Theorem for regular primes. 
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A similar criterion for p|h;, p* { hy appears in Kummer [57] (cf. Van- 
diver [20]). For similar results concerning other classes of fields see Adachi 
[73], K.S.Brown [74], Coates, Wiles [77], Greenberg [73a], Kudo [75a], Novikov 
[69], Ribet [76], G-Robert [74], [78], Yager [82]. For a table (with p < 125000) 
see Selucky, Skula [81]. It is not known whether there exist infinitely many 
regular primes. On the other hand, the number of irregular primes is infinite 
(K.L.Jensen [15]). Small irregular primes have been computed in Wagstaff 
[78] (p < 125000), Tanner, Wagstaff [87] (125000 < p < 150000), Ern- 
vall, Metsankyla [91], [92], and Buhler, Crandall, Sompolski [92] (p < 10°), 
Buhler, Crandall, Ernvall, Metsankyla [93] (10° < p < 4- 10°) and Buhler, 
Crandall, Ernvall, Metsankyla, Shokrollah [01] (4- 10° < p < 12-10°). These 
computations confirmed the truth of Vandiver’s conjecture for primes in the 
considered range. 

One can also consider a generalization of regular primes, using in place 
of Bernoulli numbers their analogues, associated with Dirichlet characters. 
The sets of primes obtained in this way are related to the divisibility of class- 
numbers of cyclotomic fields. See Ernvall [75], [79], Ernvall, Metsankyla [78], 
Gut [51a], Kleboth [55], Slavutskii [72a]. 

Divisibility of hj; by primes # p was considered in Metsankyla [67b], 
[68a,b], [71], and divisibility of h(K,,) and h7, was studied in Lemmermeyer 
[95a,I]]. 

Ribet [76] strengthened Kummer’s criterion, relating the divisibility of 
Bernoulli numbers by a prime p to the action of the Galois group on the Sylow 
p-subgroup Ap of H(K>p). There is a canonical decomposition Ap = @, Ay, 
with x running over characters mod p. Let X be the unique character mod p 
satisfying for all a 4 0 (mod p) the congruence X (a) = a(mod pRx). Ribet’s 
theorem states that for even k € [2, p—3] the numerator of the k-th Bernoulli 
number is divisible by p if and only if Axy1-« is non-zero. The easier part of 
this equivalence was proved already by Herbrand [32a]. For other proofs of 
Ribet’s result see Khare [00], Snaith [82]. It has been shown by Soulé [99], 
who extended an earlier result of Kurihara [92], that Ax»-« vanishes for 
sufficiently large k. Vandiver’s conjecture implies that this happens for all 
k. Cf. also Ernvall [89]. It follows from the results of Mazur and Wiles [84] 
that one can express the maximal power of p dividing #A, by generalized 
Bernoulli numbers (cf. Coates [81], S.Lang [82]). Previous work on this topic 
was done in Wiles [80] and S. Yamamoto [72]. Another proofs gave Kolyvagin 
[90], who used Euler systems introduced by him (for an exposition see Rubin 
[91a]), and Harder, Pink [92]. Euler systems, introduced by Kolyvagin and 
their generalizations turned out to be a powerful tool in various problems of 
number theory (see e.g. Rubin [91b], Mazur [93], Nekova¥ [92], Perrin-Riou 
[98]). The cardinality of A, was studied in Thaine [95]. 

The number d(p) of Bernoulli numbers Bo; (2 < 2k < p—3) divisible by p 


is called the irregularity index of p. Ribet’s theorem implies OF OcH CG): 
One has d(p) < p/4, and the value of d(p) can be determined by solving a 
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certain system of congruences (Skula [80]). The largest known irregularity 
index equals 7, and is attained by the prime p = 3 238 481 (Buhler, Crandall, 
Ernvall, Metsankyla, Shokrollah [93]). 


10. The Iwasawa theory of Zp-extensions, developed by Iwasawa in a cycle 
of papers (Iwasawa [58], [59a,b,c,d], [73a]) brought new life into the theory 
of cyclotomic fields. For its exposition the reader is referred to the book of 
Washington [82], or the survey of R.Greenberg [01], and here we point out 
only certain of its highlights. 

Let p be a rational prime. An extension L/K of an algebraic number field 
K is called a Zp- extension, if it is an infinite normal extension with Gal(L/K) 
topologically isomorphic to the additive group Zi of p-adic integers. Here 
one treats Gal(L/K) as a topological group with Krull topology, a basis of 
open sets being given by the family {Gal(L/k) : [k : K] finite}. Such an 
extension is called a cyclotomic Z,-extension, if L is the fixed field of the 
torsion subgroup of Gal(M/K), where M is obtained by adjoining to K all 
p"-th roots of unity (n = 1,2,...). Ifpisodd and K = Kj, then its cyclotomic 
Zp-extension coincides with UP°_, Kp». 

Iwasawa proved that if L/K is a Zp-extension, L,, is the unique subfield 
of L of degree p” over K, and p®" is the exact power of p dividing h(L,), 
then the equality 

€n =AnN+ pp" +V (8.17) 


holds for sufficiently large n, with constants A, u,v depending on L/K and 
D. 

These constants are still subject to intensive investigation and their be- 
haviour is not yet. completely understood. If K/Q is Abelian, and L/K isa 
cyclotomic Z,-extension, then the corresponding constant » vanishes (Fer- 
rero, Washington [79]. For other proofs see Barsky [83], Sinnott [84]). It has 
been shown in Babaitsev [80], [81] that for fixed K the coefficient us is bounded 
by a value not depending on p or L (cf. Gerth [79a], Greenberg [73b]). On 
the other hand there exist cyclotomic Zp-extensions, having py arbitrary large 
(Iwasawa, [73b]). 

R.Greenberg [76] conjectured that both A and wu vanish for cyclotomic 
Zp-extensions of totally real fields. It is known that for every p = 3 (mod 4) 
there are infinitely many such fields of degree p — 1 (Byeon [99b]). For con- 
structions of fields with vanishing A see Byeon [01b], Fukuda, Komatsu [00], 
Ichimura, Sumida [97], Kim, Oh [00]. Komatsu [98], [99], Kraft [96], Kubotera 
[00], Nakagawa, Horie [88], Oh [98], Ozaki, Yamamoto [01], Ozaki, Taya [95], 
Tang [96], Taya [99]. For particular values of p such constructions were given 
in Ozaki, Taya [97]. All Abelian fields for which one has A = p = vy = 0 
were determined by G.Yamamoto [00]. His results imply that Greenberg’s 
conjecture holds for all Abelian fields of prime power degree. 

For other results on Iwasawa coefficients see Bloom [79], Candiotti [74], 
Carroll, Kisilevsky [81], Cuoco [80], Kraft, Schoof [95], Ferrero [77], [78], [80], 
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Gerth [79b], Gillard [76], Gold [74a], [76b], Greenberg [75], [78], Jehne [59], 
Kida [80], [82], Kraft [89], Metsankyla [74], [75a,b], [78], [83], Shiratani [64], 
Washington [76b]. 

Washington [75], [78] studied divisibility of h(L,) by primes q # pina 
cyclotomic Z,-extension, and showed that for sufficiently large n the maximal 
power of qg dividing h(L,,) remains constant, and another proof appears in 
Sinnott [87]. This need not be the case for non-cyclotomic Zp-extensions. For 
a generalization see Kisilevsky [97]. 

For analogues of (8.17) for composites of Zp-extensions see Bloom, Gerth 
[81], Cuoco [82], [84], Cuoco, Monsky [81], Friedman [82a,b], Monsky [83]. 


11. Theorem 8.14 was proved by Siegel [36] for quadratic fields, and by 
Brauer [47a] for all extension of a fixed degree, not necessarily Abelian or 
normal. In the second part of his paper Brauer obtained the same assertion 
for any sequence {K,,} of fields, satisfying [K,, : Q| = o(log |d(Km)|). A sim- 
ple proof of the Siegel-Brauer theorem was found by Pintz [76d]. For other 
proofs of Siegel’s theorem see S.Chowla [50], Chudakov [42], Estermann [48], 
Goldfeld [74], Heilbronn [38b], Knapowski [68], Linnik [43], [50], Pintz [74], 
[76c], [77b], Ramachandra [80], Rodosskii [56], Tatuzawa, [51]. 

As observed by Walfisz [36], Siegel’s theorem is equivalent to the non- 
vanishing of L(s, x) in the interval (1 — c(e)/D*,1) for every € > 0 and every 
real character y, with D being the conductor of y. Unfortunately, all known 
proofs of the Siegel-Brauer theorem are ineffective, and so is the constant 
c(e) for € < 1/2. In the case « = 1/2 one can get effective results, as shown in 
Goldfeld, Schinzel [75], Haneke [73], Pintz [76b], [77b]. Stark [74] proved that 
the Siegel-Brauer theorem can be made effective for a large class of fields, 
including all fields of a bounded degree which do not have a quadratic subfield 
(cf. Stark [75c]). 

The error term in Theorem 8.14 (and, more generally, in the Siegel-Brauer 
theorem) can be improved by taking into account the possible real zeros of 
¢x(s). This was shown by Vinogradov [62], [63a], who proved that if cx 
denotes the largest real zero of ¢x(s), then for all fields K of a fixed degree 
we have 


logh(K)R(K) = > log |d(K)| + log(1 — cx) + O(log log |d(K)]). 


See also Goldfeld [75], Vinogradov [63b]. 
In the Abelian case Theorem 8.14 was made more precise by Lepist6 [70]. 


12. Corollary 1 to Theorem 8.14 shows that for imaginary quadratic fields 
K the class-number h(K) tends to infinity with |d(K)|. This has been con- 
jectured essentially by Gauss [01], and the first step towards it was made by 
Hecke. Hecke’s proof appeared in Landau [18c]), who deduced it from the Ex- 
tended Riemann Hypothesis (see Corollary to Lemma 8.15). Essentially the 
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same result is contained implicitly in Gronwall [13] (see also Chowla, Fried- 
lander [76b], Grosswald [66], Landau [19b], [27b], Mahler [34], Pintz [76a], 
[77b]). Next Deuring [33] deduced Corollary 2 to Theorem 8.14 from the 
falsehood of Riemann Hypothesis, and under the same assumption Mordell 
[34] obtained h(K) — oo. Chowla [34a] and Landau [18b,c] showed that 
if there are infinitely many imaginary quadratic fields with a given class- 
number, then they must be very rare, and finally Heilbronn [34] established 
the limit relation h(i) > 00 (cf. Chowla [34d]). 


13. All imaginary quadratic fields with even discriminant and class-number 
one were determined by Landau [03c], and another proof was given by Lerch 
[03]. The first important step towards the determination of all such fields 
in the general case was done by Heilbronn and Linfoot [34], who proved 
that apart of those listed in Proposition 4.44 there can be at most one such 
field (for another proof see R.G.Ayoub [67]). This follows also from a result 
of Tatuzawa [51], stating that if |d(K)| exceeds 2100m? log?(3m), then one 
has h(K) > m with at most one exception (cf. Chowla, Friedlander [76b], 
Landau [36], Pintz [77b], Ramachandra [75]). Evaluations of the possible 
tenth discriminant with h = 1 (Lehmer [33b], Stark [66]) strengthened the 
belief that there is no such field, especially in view of the fact that this is 
implied by GRH. 

The expected proof was finally found by Baker [66] and Stark [67a,b] (cf. 
Baker [71a], Stark [69b]). Baker’s paper indicated only the method, which 
was later applied successfully by Bundschuh and Hock [69]. We adopted this 
approach in the proof of Theorem 8.29. 

One should note that an earlier proof of Heegner [52] was known. It was 
for a long time regarded as erroneous, until Deuring [68] and Stark [69a] 
provided the needed clarifications (see also Birch [69], Meyer [70], Schertz 
[76}). 

For other proofs of Theorem 8.29 see Cherubini, Wallisser [87], Chowla 
[70a], Chudakov [69], Feldman, Chudakov [72], Siegel [68b]. 


14. An effective way of finding all quadratic imaginary fields with class- 
number 2 was given by Baker [71b] and Stark [71] (cf. Baker, Stark [71]). 
In the last paper it is shown that for such fields K one has |d(K)| < 101°, 
and fields in that range have been dealt with in Montgomery, Weinberger 
[74] and Stark [75b]. It turned out that there are 18 such fields, and they 
all satisfy |d(K)| < 427. The case of even discriminants was settled earlier 
by Weinberger [69] (cf. Baker [69], Ellison et al. [71], Kenku [70]). For an 
approach based on Heegner’s method see Abrashkin [74], Antoniadis [83] and 
Meyer [75]. 

The more general question of finding an effective method to determine all 
imaginary quadratic fields with a given class-number was reduced by Goldfeld 
[76], [77] to a problem in the theory of elliptic curves, which in turn was solved 
by Gross and Zagier [83], [86] (for an exposition see Coates [86]). This result 
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implies the evaluation 
h(K) > C(€) log'~* |d(K)| 


for every € > 0 with an effective constant C(e). An exposition was given by 
Oesterlé [85]. There one can find the explicit lower bound 


h(K)>ClogD |] (1- ve) 


p|D 
p#Ppmaax(D) 
where D = |d(K)|, Pmax(D) denotes the maximal prime divisor of D, and 
C equals 1/55 if D is not divisible by the prime 5077, and C = 1/7000 
otherwise (later Buhler, Gross, Zagier [85] provided numerical evidence for the 
superfluity of the condition on D, and Mestre [85a] eliminated this condition). 
For a survey see Oesterlé [88]. 

Using this result all imaginary quadratic fields with h = 3 were determined 
by Oesterlé [85] (the maximal value of |d(K)| being 907 in this case), these 
with h = 4 by Arno [92] (here |d(A)| < 1555), and the cases h = 5,6 and 
7 were resolved by Wagner [96] (with bounds being 2683, 3763 and 5923, 
respectively). All such fields with odd h < 23 were determined in Arno, 
Robinson, Wheeler [98], and recently Watkins [04b] succeeded to cover the 
range h < 100. There are over 40000 such fields K, with the largest |d(K)| 
being equal to 2383 747. The maximal number (3283) of fields with a given 
class-number in this range is attained for h = 96. 

Buell [99] computed h(—d) for d < 2.2- 10°. 

Granville and Stark [00] proved that a form of the ABC-conjecture for 
number fields implies the inequality 


h(—d) > (F +o(1)) in S- , 


where the sum is taken over all reduced binary quadratic forms aX?+bXY + 
cY? with b? — 4ac = —d. Such form is called reduced, if |b| < a < c, and if 
|b] = a, or a = c, then 6 is non-negative. See also Conrey, Iwaniec [02] and 
Sarnak, Zaharescu [02]. 


15. Corollary 4 to Theorem 8.14 shows that there can be only finitely many 
complex Abelian fields of given degree and class-number. A much stronger 
result was proved by Uchida ([71], [72]) who removed the restriction on the 
degree, and provided the bound 2- 101° for the conductor of such fields with 
h = 1. This lead to a complete determination of all complex Abelian fields 
with class-number one by Yamamura [92], who showed that there are 172 
such fields. Among them 49 are cyclic and the largest occurring conductor is 
equal to 10921 = 67 - 163, attained by the field Q(./—67, \/—163). 

For several classes of complex Abelian fields with h = 1 full lists were 
provided earlier. So Uchida [71 II,IT]] proved that if p > 19 is a prime, 
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then the class-number of the p-th cyclotomic field exceeds 1, and Masley and 
Montgomery [76] determined all cyclotomic fields with h = 1 (a proof may be 
found in Washington [82], Ch.XI). There are 29 such fields, with conductors 
bounded by 84. Cf. Hoffstein [79], Lepisté [74], Masley [75], [76], [77], [78al, 
[79], Metsankyla [70b]. Complex Abelian quartic fields with h = 1 were found 
in Setzer [80a] (cf. Brown,Parry [74], Goldstein [71b]), and complex Abelian 
fields of 2-power degree with h = 1 in Uchida [88]. For other particular cases 
see Uchida [72]. 

There are only finitely many complex Abelian fields with relative class 
number h~(K) = 1 (Uchida [71,I]), and all 300 such fields were determined 
in Chang, Kwon [00a]. For sextic fields this has been done earlier in Louboutin 
[92a]. Later K.Horie [89], [93b] proved that there are only finitely many com- 
plex Abelian fields with a given odd part of h~ (K), and listed all cyclotomic 
fields for which h~ is a power of 2. In Uchida [71,I]] it has been observed 
that it is possible to obtain an explicit upper bound for the conductors of 
complex Abelian fields K with a given value of h~ (A), with the exception of 
imaginary quadratic fields and complex biquadratic fields. The structure of 
H™(K) for all complex Abelian fields of conductor < 100 was determined in 
Horie, Ogura [95]. 

There are only six cyclotomic fields for which the class-group is a non- 
trivial 2-group (K.Horie [93b]), and two of them, namely K39 and Ks5¢ have 
class-number two (Masley [75]). All 15 cyclotomic fields with h < 10 were 
listed in Masley [76], who also described the structure of their class-groups, 
except for K,, with m = 57,68,96 and 120. In the case m = 68 F.Gerth III 
[80] showed that the group is cyclic. 

A list of all imaginary biquadratic fields with h = 2 was given in Buell, 
Williams, Williams [77], with h = 3 in Jung, Kwon [98], and with h = 4 in 
McCall, Parry, Ranalli [97]. 

All eight imaginary cyclic quartic fields with h = 2 were determined in 
Hardy, Hudson, Richman, Williams [89], and Louboutin [92b] found all cyclic 
quartic fields whose class group is of exponent < 2. There are 33 such fields, 
and the 2-rank of their class-groups is bounded by 3. Cyclic non-quadratic 
imaginary fields K with Gal(K/Q) being a 2-group and h~(K) < 20 were 
listed in Park, Kwon [98] (there are 169 such fields, their degrees are bounded 
by 16 and the conductors by 1789). 

Lists of all imaginary cyclic fields of degree 2” with n > 2, whose class- 
groups are of the form C3’ and Con, respectively, were given in Louboutin 
[95a], [97a]. One has H(K) ~ CY (with some N) for 38 such fields, with 33 
quartic, four octic and one of degree 16. Cyclic class-groups have 22 fields, 
and among them there are ten with h = 1, nine with h = 2 and three with 
h = 4. The finiteness of this set of fields was proved earlier in Horie, Horie 
[90a,b], where also an upper bound for their conductors was given. 

Imaginary cyclic fields with h < 4 were determined in Chang, Kwon [98]. 
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All imaginary Abelian sextic fields with h < 11 were found in Park, Kwon 
[97]. There are 124 such fields. 


16. Similar methods can be applied to study C'M-fields with a given class- 
number. It was shown in Uchida [71,]] that the relative class number of a non- 
Abelian normal CM-field K goes to infinity, when the ratio [K : Q]/log |d(K)| 
tends to zero. This result was made explicit in Uchida [73], and later Stark 
[74] and Odlyzko [75] showed that there can be only finitely many normal 
C'M-fields having a given class-number. Lower bounds for h” (K) for CM- 
fields were given in Louboutin [94c]. 

Hoffstein [79] proved that all normal C'M-fields with h = 1 have their 
degrees bounded by 436, and this bound has been reduced by Bessassi [03] to 
266, and to 164 under GRA. The following classes of C’'M-fields with h = 1 
have been completely determined: 


(i) Non-normal quartic (11 fields) and dihedral octic fields (Louboutin, 
Okazaki [94]) (earlier Louboutin [94a] gave an upper bound for the discrimi- 
nants of these fields), 


(ii) Normal octic with quaternion Galois group (Louboutin [93a]), 


(iii) Dihedral (Lefeuvre, [00], Lefeuvre, Louboutin [00], Louboutin, Oka- 
zaki, Olivier [97], Louboutin, Okazaki [98]), 


(iv) Normal non-Abelian of degree 16 (Louboutin [97b}), 


(v) Normal non-Abelian of degree 24 (Lemmermeyer, Louboutin, Okazaki 
[99], Louboutin [01a], Park [02]), 


(vi) Normal non-Abelian of degree 36 (Chang, Kwon [02]), 


(viii) Normal non-Abelian of degree 48, having a normal C'M-subfield of 
degree 16. There is only one such field (Chang, Kwon [03}), 


(ix) Non-normal sextic (Boutteaux, Louboutin [02a,b]). 


There is only one octic CM-field with quaternion Galois group and h = 2, 
namely Q(i(2+ V2)!/2(3+ V6)!/2) (Louboutin [96a]), and it is not difficult to 
show that there are no octic quaternion C'M-fields with an odd class-number. 
There is one more octic CM-field with quaternion Galois group for which 
the exponent of H(A) equals 2 (Louboutin, Okazaki [99]). All non-normal 
quartic and octic dihedral CM-fields with relative class-number equal 2 have 
been determined in Yang, Kwon [99]. It was shown in Louboutin [99a] that 
there are no dicyclic? C-M-fields of degree 4p (with p being an odd prime) 
of relative class-number one, and in Louboutin, Park [00] all dicyclic CM- 
fields of degree 4p with h < 4 were found (there are three such fields, all 
with p = 3). A necessary condition for the exponent of the class-group of a 
C'M-field to be < 2 was given in Louboutin [97c]. 


5A group is called dicyclic, if it has generators a,b satisfying a7? = 1, a? = b?, 
bab=a. 
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It has been shown in Friedlander [76] that if K is a CM-field with the 
property that the Dedekind zeta-function of its maximal real subfield vanishes 
at s = 1/2, then for every « > 0 one has 


h(K) > log?~*(|d(K))). 


All imaginary normal octic fields with h = 1 which are not CM-fields 
have been found by Yamamura [98] (there are 67 such fields). 


17. Write, for shortness, h(d) for the class-number of the quadratic field 
Q(Vd). The old question of Gauss [01], whether A(d) = 1 holds for infinitely 
many positive d, is still open. The computer search seems to confirm it. See 
Takhtayan, Vinogradov [82] for a heuristical approach to this problem. 

Using Corollary 2 to Theorem 8.14 and bounds for L(1, xa) (Tatuzawa 
[51], Hoffstein (80]) one can find all real quadratic fields of the Richaud- 
Degert type (R-D fields) with a given small class-number, with at most one 
exception (which disappears under GRH). Recall that a field Q(WD) is called 
an R-D field if D > 0 is a square-free integer of the form D = n? +r, where 
—n <r <n and r|4n. If one removes the condition —n < r < n then one 
gets the Extended R-D fields (ERD fields). 

Assuming GRA one can list all ERD fields with class-number one (Mollin, 
Williams [88a,b]). See also Chowla, Friedlander [76b], Kim, Leu, Ono [87], 
Lachaud [87], Levesque, Lu [96], Mollin [88], Zhang M.Y. [95]. 

In certain cases one can eliminate the assumption of GRH. It has been 
conjectured by Yokoi [86] that if d = n? + 4 is square-free and n > 1861, 
then h(d) > 1. This has been recently proved unconditionally by Biré [03a]. 
A similar conjecture of Chowla (see Chowla, Friedlander [76a]), stating that 
if p = n? + 1 > 677 is a prime, then h(p) > 1 was also established by Biré 
[O3b]. 

Lower bounds for h(d) in the case of R-D fields gave Halter-Koch [90a], 
Mollin [90], Mollin, Williams [91b], Mollin, Zhang , Kemp [94]. 

In Louboutin, Mollin, Williams [93] a list of 228 ERD fields having class- 
group of the form C2’ was presented, and it has been shown that there can 
be at most one more such field, whose existence would contradict GRH. See 
also Dohmae [93]. 

Real quadratic fields Q(,/p) with prime p = 1(mod 4), hk = 1, and 
small fundamental units € were considered in Yokoi [90], who proved that 
the inequality « < 2p can happen for at most 31 such fields (cf. Katayama, 
Katayama [94]). 

For results relating the class-number of real quadratic fields to continued 
fractions of the square-root of their discriminants see Dubois, Levesque [91], 
Louboutin [88], Louboutin, Mollin, Williams [92], Mollin, Williams [89a,b], 
[90], [91a], [92]. See also the book of Mollin [96d], and the papers quoted 
there. 

All real biquadratic fields Q(./di, /d2) with d;, dz of the form n? + 1 or 
n? + 4, and h < 2 were listed in Katayama, Katayama [92], assuming GRH, 
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18. Theorem 8.18 is classical (see Dedekind [71]). The proof given by us fol- 
lows Hecke [23]. For other proofs see Jones [49], Konig [13], Mitchell [26] (cf. 
also Butts, Pall [68], Lubelski [36]). Essentially the same argument leads to 
a correspondence between classes of binary quadratic forms of arbitrary dis- 
criminant, and classes of ideals of an appropriate order in a suitable quadratic 
field. For a good exposition of main properties and applications of orders 
see Borevich, Shafarevich [64]. The literature on the class-number of binary 
quadratic forms is quite formidable, and has been reviewed, up to 1922, in 
the third volume of Dickson [19] by Cresse. 


19. Proposition 8.19 appears in Slavutskii [65a,b], and Lemma 8.20, on which 
its proof rests, is due to Hua [42] (see also Kanemitsu [77]). For prime d the 
bound in Lemma 8.20 can be improved. In fact, for sufficiently large primes 
p one has 

Lp(1) < 0.19674 log p, 


as shown in Stephens [72]. For another proof see Pintz [77a]. Bounds for 
|L(1,x)| for Dirichlet characters . were given in a series of papers of 
Louboutin [93b], and in case of Artin L-functions of Abelian extensions in 
Louboutin [98a]. 

The bound in Proposition 8.19 was improved to h(d) < Vd/2 in Le [94]. 

It is conjectured that with a positive constant C' one has Lg(1) > C/logd. 
Corollary to Lemma 8.15 can be used to deduce this inequality from GRH. 
This has been first shown by Hecke (see Landau [18c], Mahler [34]). The best 
known unconditional result is 


Cle) 
ae? 
holding for every d and € > 0 with a certain positive C(€). This is a conse- 


quence of Siegel’s theorem. Hoffstein [80] proved that if 0 < € < 0.0723, then 
for all d with at most one exception (which satisfies d > exp(1/e))) we have 


0.125 2.865 
Lal in < —— 
a(t) > min { $2, me \ 


La(1) > 


Cf. Gelfond [53], Metsankyla [70b], Pintz [77b], Tatuzawa [51]. 
Littlewood [28] showed that under GRH each of the inequalities 


La(1) < Cloglogd 


and CO 
iS 
a(l) 2 log log d 
holds for infinitely many d with suitable positive C,C,. Later Chowla [34c] 
proved the first result unconditionally, and the second was established by Lin- 
nik [42] and Walfisz [42]. The first of these inequalities cannot be essentially 
improved, as for infinitely many d one has Lg(1) > loglogd (Montgomery, 
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Weinberger [77], cf. Katayama [97]). For large values of L(1,xa) see also 
Montgomery, Vaughan [99]. It has been shown in Conrey, Iwaniec [02] that 
certain, yet unproved, assumptions about the spacing of zeros of ¢(s) imply 


La(1) > C(log d)~®, 


with an computable constant C > 0. Sarnak and Zaharescu [02] proved that 
if Dirichlet’s D-function have no non-trivial non-real zeros, then for every 
€ > 0 one has 


c(e) 
Bp Lprernaeas ie 
Ea(l) 2 log* d’ 


and if x4(—37) = —1, then for every 7 > 2/5 one has 
e(n) 
La(1) 2 “qn? 


with an effective constant c(n) > 0. 


20. Let H(d) denote the class-number of primitive binary positive definite 
quadratic forms of discriminant d. Gauss conjectured that 


2 
S> H(-4n) = NS? _ — N 4 o(N*/?), 
her mae) re 


and this was established by Mertens [74]. The best known evaluation of the er- 
ror term is O(N°) with c = 21/32 (Chamizo, Iwaniec [98]). These results give 
the mean value of class-numbers in orders of imaginary quadratic fields. The 
first result giving the mean value for h(d), d ranging over negative discrimi- 
nants of quadratic fields, was obtained by Datskovsky [93], who established 


do h(-d) = (c+ of 1))2*”?, 


d<z 


T 1 1 
= GUO- apt x): 
In the case of positive discriminants the situation is more complicated. 
Hooley [84] conjectured that one has 


=». AG (Se 5 +o(1)) «og” x, 


0<d<a 


where 


and showed that $(x) exceeds (4/n7)x log x. For positive discriminants of 
quadratic forms asymptotics was obtained in Siegel [44]. 

Mean values of H*(—d) and h*(—d) have been considered in Barban [62], 
[67], Barban, Gordover [66], Fainleib, Saparniyazov [75], Jutila [73], Lavrik 
[59], [71a,b], Saparniyazov [65], Stankus [76], Warlimont [71], Wolke [69], [71]. 
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21. Theorem 8.21 is a particular case of the result of Ankeny, Brauer, Chowla 
[56], who proved that for every « > 0 there exist infinitely many fields K 
of given signature, satisfying h(K) > |d(K)|*/?~©. This was strengthened in 
Sprindzhuk [74b], where it was shown that this inequality holds for almost all 
fields of a given degree (see also Sprindzhuk [82]). The result of Montgomery 
and Weinberger [77], which we already quoted, implies that for real quadratic 
K the inequality 
h(K) > vd = 

holds for infinitely many d = d(K), and if one believes in GRH, then this 
is best possible (see also Mallik [81b], Nagell [38]). In another direction 
Y.Yamamoto [71] obtained h(K) < cVd/ log? d for infinitely many d = d(K). 
For a similar result for cubic extensions see Watabe [83]. 


log log d 
lo 


22. Theorem 8.23 is due to Gauss [01]. See also Arndt [58a], Gogia, Luthar 
[79], Kronecker [64], Mertens [05], Nemenzo, Wada [92], Reiner [45], Shyr 
[79]. A deduction of it from the analytical class-number formula was given in 
Fox, Urbanowicz, Williams [99]. 

A class-field interpretation of the group 6(K) of genera of a quadratic 
field K was given in Hasse [51b], who showed that the maximal unramified 
extension of K, which is Abelian over Q, coincides with that extension of K 
which, according to class-field theory, corresponds to 6(K). This was gener- 
alized to cyclic extensions K/Q in Iyanaga, Tamagawa [51], and to Abelian 
extensions in Leopoldt [53a] (cf. Gold [75], [76a], Halter-Koch [71c], Hasse 
[69a], Zhang X. [85]). In this generalization the role of the principal genus is 
played by 

{x'~? : X € H*(K),o € Gal(K/Q)}. 


For non-Abelian extensions of the rationals a theory of genera was con- 
structed by Fréhlich [59], [83b]. The genus field of K is defined in this case 
as the maximal extension of K of the form KL with L/Q Abelian, which is 
unramified at finite primes. One can also demand that the genus field is un- 
ramified at infinity, which leads to a parallel theory (see Halter-Koch [78b], 
Horie [83], Stark [76b]). The interested reader should consult the book of 
M. Ishida [76], as well as the corresponding chapter in G.Gras [03]. - 


23. Using class-field theory one can obtain an analogue of Corollary 1 to 
Theorem 8.23 for the group H(K) of quadratic K: the group H(K) has 
w(d) — 1 even invariants, except in the case when K is real and at least 
one prime p = 3(mod 4) is ramified. In this case H(K) has w(d) — 2 even 
invariants (see e.g. Herz [66]). 

A simple proof of Corollary 2 to Theorem 8.23 was supplied by Takaku 
[75]. 
Let e,(H), ep(H*) be the number of invariants of H(K), resp. H*(K), di- 
visible by the prime p. A simple formula for e, = e4(H*), in case of quadratic 
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K, was given in Rédei, Reichardt [34]: let F'(d) be the number of factoriza- 
tions d = d,d2, where d,, dz are discriminants of quadratic fields, for which 


Ogos. 

q Pp 

holds for all primes p,q, satisfying p|d; and q|d2. Then F(d(K)) = 2°. Cf. 
Hurrelbrink [94], Kisilevsky [82], Lagarias [80c], Rédei [34a,b]. 

For a similar description of e9.(H*) for k > 3 see Reichardt [34] (cf. 
Morton [79], [82a,b], [83]). An interesting conjecture concerning the struc- 
ture of of the 2-part of H* was proposed in H.Cohn, Lagarias [83] (see also 
H.Cohn [85]). In certain cases this conjecture was proved by Morton [90] and 
Stevenhagen [89]. 

Certain conjectures, concerning the distribution of imaginary quadratic 
fields with certain types of class-group were presented in H.Cohen [83], 
H.Cohen, Lenstra [84], and H.Cohen, Martinet [87], [90], where also a heuris- 
tic support was given. On these conjectures see also H.Cohen, Martinet [94], 
Greither [00], Jacobson, Lukes, Williams [95], Lee [02], Stephens, Williams 
[88], Washington [86], Washington, Zhang X. [97]. 

For other results concerning the 2-part of H*(K) for quadratic K see 
H.Bauer [71], [72], Costa [93], Endé [73a], Halter-Koch [84a], Hasse [69b,c], 
(70a,b], Kaplan [72], [73a,b], [74], [76], [77b], Lagarias [80a], Moine [72], Oriat 
[77], [78], Rédei [34c], [36], [38], Reichardt [70], Scholz [35], Waterhouse [73]. 

Far less is known about e,(H) for odd p. It is even not known, whether 
the set of possible values of e,(H) is unbounded, when K ranges over all 
quadratic fields, and p over all odd primes. 

If p1,..., Pz are given primes, then there exist infinitely many imaginary 
quadratic fields K with e,,(H(K)) > 2 fori = 1,2,...,k (Y.Yamamoto 
[70], Nakano [84]). Moreover e3(H) > 4 holds infinitely often both for imagi- 
nary (Craig [77]) and real (Diaz y Diaz [78]) quadratic fields. Examples are 
known of imaginary quadratic fields with e3(H) > 6, and real quadratics with 
e3(H) > 5 (Quer [87]; cf. Llorente, Quer [88a]). One has also e5(H) > 3 for 
infinitely many quadratic fields of both signatures (Mestre [92]), and there 
are examples of imaginary quadratic fields with e5(H) > 4 (Schoof [83]; cf. 
Solderitsch [92]). 

The mean value of e3(H) for quadratic fields was studied in Belabas [99]. 


24. Invariants of H(K) for arbitrary fields were studied in Rédei [44]. For 
the case of cyclic fields of prime degree see Inaba [40], [41], and for cyclic 
fields of prime-power degree see Frohlich [54b]. An analogue of Corollary 2 
to Theorem 8.14 for cyclic fields of prime degree obtained Leopoldt [53a] (cf. 
Frohlich [54c], Kuroda [64b], Moriya [30]). 
In Armitage, Frohlich [67] the inequality 
r 


ex(H) 22" — [5| 
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was established, with r = r,(K) and s being the number of signatures of 
units of K. 

A formula for e3(H) for cubic fields was given in Gerth [76c]. Pure cubic 
fields were treated earlier in Gerth [73], [75a] and Kobayashi [77]. This was 
generalized by G.Gras [74b] to fields of prime degree p, whose Galois closure 
has a dihedral Galois group. Cf. Kobayashi [74]. 

Invariants of the class-group for other classes of fields were treated in 
Azizi, Mouhib [01], Cornell [83a], Gerth [76a,d], Gras, Moser, Payan [73], 
Halter-Koch [78c], Kuroda [70], Moriya [30], Oriat [76], Shanks [74], Taylor 
[75]. 


25. If K/Q is Abelian of conductor f and G is its Galois group, then for 
a € (1, f—1], (a, f) = 1 denote by g, the restriction to K of the automorphism 
of Q(¢f), mapping ¢; to ¢#. Define an element o of the group-ring Z(G] by 


C= ye 7ie _ 
l<a<f 

and call the ideal S = Z[G] M oZ|G] of Z[G] the Stickelberger ideal. It has 
been proved by Stickelberger [90] in the case K = Q(¢,) that S annihilates 
the class-group of K, and the same is true for arbitrary Abelian fields (see 
e.g. Coates [77], Frohlich [77b], Washington [89]). If K = Q(G») with odd 
prime p, and 7 € G = Gal(K/Q) is the complex conjugation, then the index 
of the ideal SM (1 — r)Z[G] in Z[G] equals h~(K), as shown by Iwasawa 
[62]. Later Sinnott [78] generalized this to all cyclotomic K, in which case 
this index is of the form 2°h~ (kK), with a depending on the w(d(K)). A 
further generalization to arbitrary Abelian fields appears in Sinnott [80]. Here 
additional factors appear, which were studied in Dohmae [97], Kimura, Horie 
[87]. See Yin [02] for another definition of the Stickelberger ideal. Cf. also 
C.G.Schmidt [82], [84]. 

An analogue of Stickelberger’s theorem for totally real fields was conjec- 
tured by Brumer and proved by Wiles [90b]. 

Let K/Q be real Abelian of degree n, let G be its Galois group, and let 
p be a prime not dividing n. Denote by C(K) the group of cyclotomic units 
of K, and let 6 € Z[G] annihilate the p-part of U(K)/C(K). It follows from 
Mazur, Wiles [84] that the p-part of H(K) is annihilated by 26 (for another 
proof see Thaine [88]). Note that the definition of cyclotomic units used by 
Thaine was formally distinct from that given in Sinnott [80], however it has 
been shown in Lett] [90b] and Nébrega [90] that these definition agree. 

Annihilators of the class group of Abelian extensions of imaginary quadra- 
tic fields, using elliptic units, were constructed in Rubin [87]. 


26. Proposition 8.24 is due to Chowla [34b]. It implies in particular that 
the equality h(d) = g(d) can hold only for finitely many negative discrimi- 
nants d. Such discriminants are intimately connected with idoneal numbers, 
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considered already by Euler (see Grosswald [63], Grube [74], Steinig [66]). 
The smallest known discriminant with h(d) = g(d) equals —1848, and there 
can be only one more. Moreover it follows from GRH (actually it suffices to 
have L(53/54, y) > 0 for real characters x) that the existing list is complete 
(Chowla, Briggs [54]). For other results on this topic see Hall [37], [39], Hendy 
[74a], Moller [76a], Swift [48]. 

Every genus of an imaginary quadratic field contains an ideal of norm not 
exceeding B(e)|d(K)|'/4+¢ for every « > 0 (Heath-Brown [79]). Previously 
Baker, Schinzel [71] had the exponent 3/8 + e. 

The number of imaginary Abelian fields with genus number equal to the 
class number was shown to be finite in Hamamura [81] and Louboutin [96b]. 
All non-quadratic fields with this property are known, due to Louboutin [98c], 
[99b], Miyada [95] and Chang, Kwon [98], [OOb]. 

A quadratic discriminant d is called regular (Gauss [01]), if the principal 
genus in Q(V/d) is cyclic. Apparently it is not known, whether there exist 
infinitely many regular discriminants. See Lippmann [63]. 

Denote by m(d) the exponent of the group H*(K) for K = Q(V4d), ie., the 
order of its biggest cyclic subgroup. Corollary 8 to Proposition 8.24 implies 
that for negative d the equality m(d) = 2 can hold only in finitely many cases. 
The same applies to discriminants d with m(d) = 3 (Boyd, Kisilevsky [72], 
Weinberger [73a]), m(d) = 4 (Earnest, Estes [81]) and m(d) = 2* for k > 3 
(Earnest, Kérner [82]). If one assumes GRH, then, as shown in Weinberger 
[73a], and Boyd, Kisilevsky [72], one has 


log |d| 


oe log log |d| 


for negative d. It has been shown unconditionally in Pappalardi [95] that this 
holds for almost all d. 

Similar questions have been posed also for fields of higher degrees. For 
certain classes of cubic fields see Louboutin [95b], [97c], [01b], [02a], and for 
certain quartic fields see Louboutin [94b]. In Louboutin, Okazaki [03] it has 
been deduced from GRA that there are only finitely many CM-fields with 
bounded exponent of the class-group. In the Abelian case this was conjectured 
by Earnest [87]. 


27. Theorem 8.25 is due to Nagell [22], whose proof we reproduced. Other 
proofs were given in Ankeny, Chowla [55], Humbert [40] and Kuroda [64a]. 
The proof of Kuroda shows that one can also demand d(K) to be divisible 
by any given integer. Cf. Cowles [80]. 

The analogue of Theorem 8.25 for real quadratic fields was established 
by Y.Yamamoto [70], and Fréhlich [57] obtained the same assertion for cy- 
clotomic fields (cf. Osada [87], Weinberger [73b]). For cyclic cubic fields the 
same assertion was proved in Uchida [74], and for pure cubics in Nakano [83a]. 
Madan [70] proved the existence of infinitely many normal fields of a given 
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degree, with h(K) divisible by a given N, and it has been proved in Nakano 
[84], [85] that there exist infinitely many fields of given degree and signature 
with N|h(K). For fields with ro > 1 this was done in Azuhata, Ichimura [84]. 

Divisibility of the class-number of quadratic fields by powers of 2 is closely 
connected with representations of certain divisors of the discriminant by 
quadratic forms. The oldest result of this type is contained in a letter of 
Gauss [28] to Dirichlet, where it is shown that if p = 1(mod 8) is a prime 
and p = x7 + y’, then h(—4p) is divisible by 8 if and only if + y = +1 
(mod 8). On this topic see Barrucand, H.Cohn [69], H.Bauer [72], E.Brown 
[72], [73], [74a,b], [75], [81], [83], Brown,Parry [73], Costa [93], Hasse [69b,c], 
[70a,b], Kaplan [72], [73a], Kaplan, Williams, Hardy [86], Koch, Zink [72], 
Leonard, Williams [82], Pall [69], Reichardt [70], K.S.Williams [76]. 

Congruences modulo powers of 2 for linear combinations of class-numbers 
of quadratic fields were treated in the book of Urbanowicz and Williams [00] 
(cf. G.Gras [89]). There is a large literature about congruences involving 
class-numbers of quadratic fields. See Carlitz [53a,b], [55], P.Chowla [68], 
P.Chowla, S.Chowla [68], H.Cohn, Cooke [76], Desnoux [88], Gut, Stiinzi [66], 
Hayashi [77], Hurwitz [95d], Kaplan [77a], [81], Kaplan, Williams [82a,b], [84], 
Kimura [79b], Kiselev [55b], [59], Kiselev, Slavutskii [59], [62], [64], H.Lang 
[85a], H.Lang, Schertz [76], Lerch [05], Pizer [76], Pumpliin [65], [68], Rédei 
[28], Schertz [73], Slavutskii [60], [61], [66], K.S. Williams [79], [81a,b,c], [82], 
Williams, Currie [82]. 

Similar congruences for class-numbers of other classes of fields have been 
considered in Carlitz [54], Kudo [75b], Slavutskii [72a]. 

For divisibility of h(K) by 3 see Belabas, Fouvry [99], Kishi, Miyake [00], 
Nakagawa, Horie [88], Satgé [79a]. 

Asymptotical behaviour of the number of imaginary quadratic fields K 
with |d(K)| < x and p { h(K), with a prime p > 5, was studied in Byeon 
[99a], Kohnen, Ono [99]. For every prime p there are >, cS real quadratic 


fields K = Q(Vd) with d < x such that p { h(K) (Ono [99] under certain 
additional assumptions, Byeon [01b] unconditionally). A lower bound for the 
number of d < x such that the class-group of Q(/—d) contains an element of 
a given order g was obtained by M.R.Murty [99], who also proved a similar 
result in the case of odd q for real quadratic fields. See Soundararajan [00] 
for an improvement. For a survey of this topic see Kohnen [01]. 

Densities of sets of quadratic fields (real and/or imaginary) with various 
restrictions on class-numbers and class-groups were obtained in Gerth [84]. 
For similar questions for fields of larger degree see Costa, Gerth [95], Gerth 
[82], [83b,c,d], [86], [87a,b], [89a,b,c], [90], [91]. 

For other results concerning the divisibility of the class-number of quadra- 
tic fields see Chowla, Hartung [74a], Daniel, Fouvry [99], Endé [73b], Fouvry 
[99], Glaisher [03], Hartung [74a,b], Hayashi [77], Honda [68], Komatsu [01], 
[02], Oriat [78], Parry [77b], Queen [76], Sase [98], Slavutskii [75], Yamamoto 
[84]. 
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Similar questions for fields of larger degrees were considered in Barru- 
cand, H.Cohn [70], Callahan [76], H.Cohn [56a], Cornell, Rosen [84], End6 
[76], Feng [82c], Frey, Geyer [72], Frohlich [54a,d], [59], [62c], Furuta [72], 
Furuya [71], Gerth [76b], Godwin [86], Gold, Madan [78], G.Gras [75], Gras, 
Gras [75], Greither, Hachami, Kuéera [01], Gut [51b], [54], [73], Hayashi [88], 
Holzer [50], Honda [71], Iimura [71], [79a], Ishida [69], [70], [71], [73], [74], 
S.Kobayashi [79], [80], Koshi [01], Madan [70], Mollin [83], Montouchet [71], 
Moriya [30], Morton [83], Nakano [83b], [88], Neumann [73], Ohta [72], [81], 
Parry [75b,c,d], [78], [80], Parry, Walter [76], Satgé [79a,b], Schertz [78b], 
[81], Stevenhagen [94a], Uchida [74], [76b], Uehara [82], Wada [70], Walter 
[80], Washington [87], Watabe [78], [83], Yokoyama [67], Yoshino [97]. 


28. Theorem 8.27 is due to Brumer [65]. It was strengthened in Roquette, 
Zassenhaus [69], who gave an elementary proof. Further improvement was 
done in Connell, Sussman [70]. Corollary 1 to Theorem 8.27 occurs in Frohlich 
[62c], and Corollary 4 was proved in Brumer, Rosen [63] (cf. Halter-Koch [81], 
S.Kobayashi [71], Schmithals [80b]). 

Infinitely many fields of any given degree and signature with On E 
H(K) were constructed in Nakano [84], [85] (cf. Azuhata, Ichimura [84], 
Ichimura [82], Iimura [79b], Ishida [75], Iwasawa [66], Madan [72], Nakano 
[86a,b]). 


29. Relations between 3-ranks of the class-groups of Q(,/m) and Q(./—3m) 
were obtained by Scholz [32]. For other proofs see Martinet, Payan [67], Oriat 
[76], [77] (cf. Shanks [72]). Oriat’s proof is based on the reflection theorem 
proved by Leopoldt [58], which generalizes previous work of Hecke [10], Pol- 
laczek [24] and Takagi [27] (see G.Gras [03]). For other applications of the re- 
flection theorem see G.Gras [72c], [77b], Kudo [72], Oriat [78]. A far-reaching 
generalization of the reflection theorem gave G.Gras [98]. 

Relations between 4-ranks of class-groups of quadratic fields were con- 
sidered in Damey, Payan [70], Gerth [01], Halter-Koch [84a], Sueyoshi [97], 
Taussky [77b]. For 8-ranks see Bouvier [71], and for 3-ranks for other fields 
see Callahan [74], Kishi [00]. 


30. The first result connecting class-numbers of distinct fields is due to 
Dirichlet [42], who showed that if ky = Q(./m), ko = Q(./—m) and K = kiko, 
then 

h(i) = ah(ky)h(ke), 
where a = 1 or 1/2. See Kubota [56b] for the case of arbitrary biquadratic 
fields (cf. Halter-Koch [72b]). 

Analogues for composites of extensions of prime degree have been proved 
in Kuroda [50], Litver [49], Pollaczek [29]. For similar results in other classes 
of fields see Berger [92], Halter-Koch, Moser [78], Inaba [35], N.Moser [79a], 
Parry [77a], Schertz [74a,b], Schertz, Stender [79], Scholz [30], [33], Varmon 
[30]. 
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It has been established by Lemmermeyer [95a] that if K Cc LD are both 
C'M-fields and 2 { [L : K], then hg divides hy. The same holds if K = 
Q(ém) C L = Q(¢n) (Masley, Montgomery [76]). If [L : K] is even, then this 
is no more true (there are examples of hx { 2hj in K.Horie [92]), but one 
has always hy |4h_ (Okazaki (00). 

Relations between the class-groups of a field and its subfields have been 
studied in Castela [78], G.Gras [74b], Halter-Koch [77], N.Moser [75], Oriat, 
Satgé [79], Sime [95]. 

Brauer [51] obtained very general relations between the class-numbers 
of subfields of a given field. For later development see Jaulent [81d], [82], 
Jehne [77a], Kuroda [50], Lemmermeyer [94b], Nakagoshi [81], [84], Rehm, 
Happle [74], Shyr [75], de Smit [01], Walter [77], [79a,b]. For a computational 
approach see Bosma, de Smit [01]. 


31. Theorem 8.28 is due to Frobenius [12] and Rabinowitsch [13]. For other 
proofs see Ayoub, Chowla [81], Connell [62] and Szekeres [74] (cf. Byeon, 
Dubois, Farhane [99], Stark [02]). Various generalizations of this theorem, giv- 
ing relations between class-numbers and prime-producing polynomials were 
given in Byeon, Kim [97], Granville, Mollin [00], Halter-Koch [91], Haneke 
[69], Hendy [74b], Kim, Hwang [00], Kutsuna [80], Louboutin [89], [90], [91], 
Louboutin, Mollin, Williams [88], Méller [76b], Mollin [87], [88], [96a,b,c], 
[97], [98a,b,c], [01], Mollin, Williams [88b], Papkov [44], Sasaki [88], [90], 
Srinivasan [99]. See also the book of R.A.Mollin [96d]. 

There are several other conditions related to h = 1 in quadratic fields. 
See Behrbohm, Rédei [36], S.Chowla [61b], [70b], Ennola [58], Lu [79], Mallik 
[81a], Mitchell [26], Nagell [22], Rédei [60], Zaupper [90]. 

There are only finitely many polynomials f,,(X) = X? + X +m with 
m <0 with the property that for z = 0,1,...,[,/|m]] —1 the number |f,,(x)| 
is either prime or equal to 1 (Byeon, Stark [02]. 

Let K = Q(/—D) with square-free D > 3, let fp(X) = X?+X+(D+4+1)/4 
if D =1(mod 4) and fp(X) = X?+ D otherwise, and define the Ono number 
pp by 

Pp = max{2(fp(xz)): 0<«<d(k)}, 


§Q(n) denoting the number of prime factors of n, counted with their mul- 
tiplicities. One can show that hp = 1 is equivalent to pp = 1, and it has 
been established in Sasaki [86] that one has pp < h(K), with equality in the 
case h(K) = 2 (cf. also Miller [76b]) The number pp has been also studied 
in Ishibashi [93], Sairaiji, Shimizu [01], [02]. An analogue for real quadratic 
fields was considered in Sasaki [88]. 

Interesting relations between the class-number of Q(,/—p) and the ele- 
ments of the period of the continued fraction expansion of ,/p were for prime 
p obtained by Hirzebruch [76], and Zagier [75a,b], [81, sect.14]. For related 
results and conjectures see Chowla, Chowla [72], [73], H.Lang [76], Schinzel 
[74]. 


482 8. Abelian Fields 


EXERCISES 


1. Let K/Q be Abelian, and let X(K) be the associated group of characters. 

(i) For a prime p denote by a(p) the number of characters, whose conductor is a 
power of p, and which appear in the canonical factorization of at least one character 
of X(K). Prove that a(p) is equal to the ramification index of a prime ideal lying 
over pin Rx. 

(ii) Determine the decomposition groups and inertia groups of prime ideals of 
Rx in terms of X(K). 

2. For a given k > 3 determine all prime powers p™ for which there exist 
primitive characters mod p’ of order k, and find the number of such characters. 

3. Characterize integers which are discriminants of cyclic cubic extensions of 
Q. 

4. Find the form of discriminants of Abelian quartic extensions of Q. 

5. Determine all subfields of the cyclotomic field Ky, find their discriminants, 
conductors and generators, with N being your favorite number. 

6. (i) Prove that if K is a CM-field, then the index q(K) of E(K)U(K*) in 
U(K) equals either 1 or 2. 

(ii) Show that if N # 2 (mod 4), then g(Kw) equals 1 if and only if N is a prime 
power. 

7. Prove Proposition 8.11 for all cyclotomic fields. 

8. (Dirichlet [39], Honda [75], Mordell [61]) Let p > 3 be a prime congruent to 
3 mod 4. 

(i) Prove that for K = Q(,/—p) one has 


where 


(ii) Prove that if up = +1 satisfies 


then up = (—1)%, where N is the number of quadratic non-residues mod p in the 
interval [1, (p — 1)/2]. 
(iii) Deduce Jacobi’s conjecture’: 


h(K) =—up (mod 4). 


9. Let f(X,Y) be a quadratic form of discriminant d < 0, lying in the class of 


forms corresponding to a class A of ideals in Q(Vd). 
(i) Prove that the set of rational integers represented by f coincides with the 
set of norms of integral ideals belonging to A7?. 


® Jacobi [32]. 
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(ii) Show that if d < —4, then the number of representations of an integer m by 
the form f equals the double of the number of integral ideals in A~' having norm 
m. 


10. Find a bound for the function c(n), appearing in Theorem 8.27 in the case 
q=2. 

11. Let f be a quadratic polynomial with rational integral coefficients, let D 
be its discriminant, and assume that f represents primes at T consecutive integers. 
Prove that there exists a constant c such that either the roots of f generate a 
quadratic field with class-number 1, or T < c,/|D}. 


9. Factorizations 


9.1. Elementary Approach 


1. We know already that the condition h(K) = 1 is both necessary and suf- 
ficient for the uniqueness of factorization in Rx. This shows that fields with 
trivial class-group can be characterized arithmetically in terms of factoriza- 
tion properties. The discovery made by Carlitz that one can similarly char- 
acterize in a simple way fields with class-number 2 gave rise to the thought 
that it might be possible to obtain a similar description of fields with a given 
class-number, or class-group. We start with Carlitz’s result. To be able to 
state it we need a simple definition: if a € Rx is neither zero nor a unit, and 
a = a :::Qx is a factorization of a into irreducible elements of Rx, then k 
is called the length of this factorization. 


Theorem 9.1. If K is an algebraic number field with h(i) # 1, then for 
every non-zero and non-unit element a € Rx all factorizations of a have the 


same length if and only if h(K) = 2. 


Proof : Let h(K) =2,a€ Rx,a#0 and a ¢ U(K). Write 


aRK = pi) ---py* (9.1) 
with distinct prime ideals p;, and assume that pj,...,p, are principal, 
whereas )541,-.--,)¢ are not. Then every factorization of a into irreducibles 


must be of the form 
a ey? +++ c88dy +++ dy, 


where c;Rx = p; for i = 1,2,...,s, and every d; generates an ideal of the 
form p;,p; with k,l > s. The length of such a factorization equals 


ay+---ta,tu=ayt+---+as+ (A541 +--+: + a4)/2, 


hence depends only on a, as asserted. 

To get the converse implication assume that h(K) > 3. We have to show 
the existence of an integer in K with factorizations of distinct lengths. First 
consider the case when H() has an element X of order g > 3. Corollary 
7 to Proposition 7.16 shows that there exist prime ideals p € X, q € X7!. 
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The ideals p9, 9, pq are principal, and their corresponding generators a, b,c 
are irreducible. Since with a certain unit u we have ab = uc9, the number ab 
has factorizations of lengths g > 3 and 2. If H(K) is of the form Ci’ and 
N > 2, then there are distinct classes X,Y € H(K) of order 2. Choose prime 
ideals py € X, po € Y and p3 € XY, and observe that the ideals p;pop3 and 
p? (4 = 1,2,3) are principal, generated by irreducible elements a, bj, bo, b3, 
respectively. Since with a unit wu we have a? = ub,bgb3, the number a? has 
factorizations of lengths 2 and 3. O 


2. Now we prove a purely arithmetic characterization of the class-group, due 
to Kaczorowski [84a]. To state it we have to introduce certain definitions. If 
a € Rx is irreducible, i.e., it cannot be written as a product of two non- 
unit elements, and all its powers have unique factorization, then a is called 
absolutely irreducible. For every such element a define its order ord a as the 
maximal rational integer m with the property that with a suitable b © Rx 
we have alb™, af b™-1. 


Theorem 9.2. If a1,a2,...,a, are non-associated absolutely irreducible ele- 
ments of Rx such that their product has unique factorization, and the sum 


orda; + orda; +---+orda, 


is maximal, then 
H(K) ~ [[Cn,, 
i=l 
where n; = orda;. 


Proof : We start with a lemma, which translates the definition of an abso- 
lutely irreducible element and its order into ideal-theoretical language: 


Lemma 9.3. An element a € Rx is absolutely irreducible if and only if 
aRx = p™ holds for a certain prime ideal p, lying in a class of order m 
in H(K). If this condition is satisfied, then orda = m. In particular, the 
element a generates a prime ideal if and only if it is absolutely irreducible of 
order 1. 


Proof : If aRx = p™ holds with a prime ideal p, whose class is of order m, 
then a is irreducible, and obviously every power of a has unique factorization, 
since it cannot be divisible by irreducible elements not associated with a. To 
show that orda = m choose b € p \ p”, and note that alb™, a t b~!, hence 
orda > m. If now n > m and c € Rx has the property alc”, a { c”~!, then 
define s by p* || cRx, and observe that p™|c”Rx, p™ tc"! Rx, thus 


(n-1l)s<m<ns. 


This implies s > 1 and we get 
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n-1l<(n-l1)s<m-1l<n-l, 


a contradiction. Thus orda = m. 

Now let a be absolutely irreducible, and let (9.1) be the factorization of 
aRx into prime ideals. Assume ¢ > 2 and let g be the order of the class 
containing p;. Then p{ is principal and generated by b, say. Since b divides 
a’, and the ratio a9/b is not a unit, we may factorize it into irreducibles, 
say a9/b = c,---c,. But then a9 = bc, ---c; = a---a are two factorizations, 
which are distinct, since at least one of the c;’s lies in pg. This contradicts 
the absolute irreducibility of a, and therefore we must have t = 1. But then 
aRy =p with a certain m > 1, and the irreducibility of a implies m = g. 

O 


Lemma 9.4. There exists a constant B(K) with the following property: 

If a1,@2,..., a, are non-associated absolutely irreducible elements of Rx 
such that their product has unique factorization, and their orders orda; all 
exceed 1, then 


S- orda; < B(K), 
i=l 


and the class-group H(K) contains a subgroup isomorphic to 


Il Ci, (9.2) 


with n; = orda;. 
Conversely, if H(K) contains a subgroup of the form (9.2), X; is a gen- 
erator of Cy,, pi € X; is a prime ideal, and 


bo? =a;RxK G= 1,2,...,7r), 


then a1, @2,...,@, are non-associated absolutely irreducible integers, and their 
product has unique factorization. 


Proof : To obtain the first assertion we use the preceding lemma, which im- 
plies a; = pj?" (¢ = 1,2,...,r) with suitable prime ideals p;. Denote by X; 
the class of p;, and observe that the product [];_, Xf* (with 0 < ¢ < nj) 
can be equal to the principal class only if all exponents c; vanish, due to the 
unique factorization of a ---a,. Therefore the classes X,...,.X, generate a 
subgroup of H(K) of the form (9.2). Moreover, we get 


saa a a0 < Il”: <A(K). 
i=l i=l i=l 


To get the second assertion it suffices, in view of Lemma 9.3, to show 
that the product a; ---a, has unique factorization. But this follows from the 


488 9. Factorizations 


observation that if c is an irreducible factor of a, ---a,, non-associated with 
Qj,...,@,, then 
b b 
cRK = py ++ P, 


holds with 0 < b; < n,;, and for at least one index i we have 0 < b; < nj. If 


now 
A; = 0 if b; =n, 
: b; otherwise, 
then 
KA KA oP, 
which is impossible. O 
The theorem results now immediately. O 


Corollary. The class-group of K is cyclic of N elements if and only if there 
exists in Ry an absolutely irreducible element of order N, and for arbitrary 
non-associated absolutely irreducible elements a1,Q2,...,@r, whose product 
has unique factorization, one has 


san Oo 


tl 


3. Several factorization properties in Rx can be expressed by using elemen- 
tary combinatorics in finite Abelian groups. We shall show this on the exam- 
ple of irreducibility. 

Let A be a finite Abelian group written additively. A non-empty finite 
system b = (91, 92,---;9n) of elements of A is called a block, if )77"_, 9; = 0. 
The number n is called the length of b. Two blocks differing only in the 
ordering are regarded as identical. In the set (A) of all such blocks one 
defines multiplication by juxtaposition, i.e., 


(915 925+-+19m) (Ai, ha,---, An) = (91, 92)+-+9m;h1, ha,... shin). 


This gives 8(A) a structure of a commutative semigroup. 

A block b is called irreducible, if it cannot be written as a product of two 
blocks. The relevance of this notion to irreducibility of integers in Rx is made 
clear in the following easy proposition: 


Proposition 9.5. Leta € Rx be non-zero and non-unit, and let 


aRK =fi--'Ps, 


where )1,...,Ps are prime ideals, not necessarily distinct, lying in the classes 
Xj,...,X, of H(K). The element a is irreducible if and only if the block 
formed by the classes X; is irreducible. 
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Proof : It suffices to observe that every factorization of a, say a = a1@2, with 
MRK =P Pi, G2hK = Pj °° Py 

induces a factorization of the corresponding block 
(Xi ystcg cea = (ayer Ag IG Xa), 


and conversely. O 


The Davenport’s constant D(A) of a finite Abelian group A, written ad- 
ditively, is defined as the smallest integer m with the property that from any 
sequence of m elements of A one can extract a subsequence with zero sum. 
This constant is finite and does not exceed the cardinality N of A. Indeed, if 
a1,...,@n € A, then either all elements 


Q1,0, + Q2,...,€, tao +-::+an 


are distinct, and since there are N of them, one must be zero, or two of 
them are equal, and by subtraction we obtain a non-empty subsequence with 
vanishing sum. 


Proposition 9.6. The mazimal length of an irreducible block in 8(A) equals 
D(A). 


Proof : Clearly no irreducible block can have its length greater than D(A), so 
assume that the maximal length of such block isn < D(A). Let a1, @2,..., Gn 
be a sequence in A without a subsequence with vanishing sum, and put 
a= —(a; + a2 +--:+a,). Then 


b = (a1,...,@n,@) 


is a block of length n+ 1, hence it cannot be irreducible. Thus 6 = 6,62 with 
certain blocks 6), bz, but one of the b;’s must be of the form (aj,,..., @i,), 
and thus a;, +---+a;, = 0, which is not possible. 


Corollary. (Davenport) The mazimal number of prime ideal factors of an 
irreducible element of Rx equals D(H(K)). 


Proof : Apply Propositions 9.5 and 9.6. O 


4. An explicit formula for the value of D(A) is in the general case unknown. 
Such a formula for p-groups was established by Olson [69] and Schanuel [74]: 


Theorem 9.7. If p is a prime and 


t 
A=]|[cz, 
i=1 


490 9. Factorizations 


where P; = p™, then 


D(A) =14+ S°(P,-1). 


i=1 


Proof : The theorem will result from the following lemma concerning group- 
rings of finite Abelian p-groups: 


Lemma 9.8. If A is a finite p-group written multiplicatively (with unit el- 
ement e), which is a product of cyclic groups of orders P;,...,P,, and if 
91,---;Gk are elements of A with 


t 
k>1+) (PR -1), 


i=l 


then the element 


(e— g1)(€— 92) + (€— 9%) = > egg 


gEA 


of the group-ring Z[A] has all its coefficients cg divisible by p. 


Proof : We may assume that g; # e for i = 1,2,...,k, as otherwise the 
assertion is evident. If x; is a fixed generator of Cp,, then write every g € A 


in the form F 


g= lies with 0 <a; < Pj, 
j=l 
and define F(g) = a1 +--+ + a4. 
Now we prove by induction in max; F(g;) that by taking suitable h; ¢ A 
and nonnegative integers M, f,;, satisfying ales fig = k, we get 


M 
(e-9)) = So hyle— ar) +(e ay). (9.3) 


j=l j=l 


> 


If max; F(g;) =1, then for 7 = 1,2,...,k we have g; = x;, with suitable 
i;, and the assertion holds with M = h, = fi; = 1. In the general case we 
can, for 7 = 1,2,...,k, write 9; = x;,t; with suitable 7; and t; € A, satisfying 
F(t;) = F(g;) — 1. In view of the identity 
eg =(e—a,;) tagle= iG) 


we get 
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and we see that the last product is a sum of terms of the form 


k 
t II — ui); 
i=l 


where t,u; € A and max; F(u;) < max; F'(g;). 

We can thus apply the inductive assumption, except when some of the 
u,’s are equal to the unit element, but in this case we can just omit the 
corresponding term. 

The equality (9.3) being established, the lemma follows now easily. Indeed, 
by the assumption imposed on k, for every j at least one exponent fj; in (9.3) 
satisfies fj; > P,;. Since 


(e — 2) Paes (7 Ne x;) He Cah = 3 a a, 


with p|s;, we infer that (1 — 2;)/ has all its coefficients divisible by p. In 
view of (9.3) the same applies to the product (e — g1)---(€ — gx): O 


Now observe that (e — g1)---(€ — 9%) = Yigea CoQ With 


Cg = s- 1- oy 1+ €, 


2(r 2tr 
914 Vip =9 9149p =9 


where 
3 tes { if g =e, 
? 0 otherwise. 
The lemma implies p|c;, and if no subsequence of gi,..., 9% has the unit 
product, then c, = 1, a contradiction. Since the g;’s were arbitrary, we get 


D(A) <1+ SU, —1). 


i=l 


To obtain the converse inequality it suffices to consider the sequence of 
P,+---+P,—t elements, in which a fixed generator x; of Cp, appears P;—1 
times. O 


5. It is also possible to obtain a combinatorial interpretation of the unique 
factorization. Consider a block b = (g1,..., 9%) € B(A), and fix the ordering 
of its elements. Ifa: 6 = b, --- b; is a factorization of b, then we can associate 
with it a surjective map 


fe fh ee ee Od A 


by putting &,(7) = j, if g; appears in the block j. (From a formal point of 
view one should consider here rather the sequence of pairs (g;, 7) instead of the 
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gi’s, but we will not adhere to this pedantic formulation). Two factorizations 
a, 8 of b will be called equivalent if they have the same number ¢ of factors, 
and there is a permutation o of {1,2,...,¢} such that the sets 


{i : G,(%) = j}, and {i : f(t) = j} 


coincide for 7 = 1,2,...,¢. A block 6 is said to have a unique factorization 
if all its factorizations into irreducible blocks are equivalent. Note that this 
property is independent of the ordering of elements of b. 


Proposition 9.9. If (X1,...,X;) is a block in B(H(K)) which has unique 
factorization, then for every choice of prime ideals p; © X; (i = 1,2,...,k) 
any generator of the principal ideal pypo---p, has unique factorization in 
Rr. 

Moreover, ifa € Rx has unique factorization, and aRx = p,---p, with 
distinct prime ideals p;, then the block in B8(H(K)) formed by the classes of 
p;’s has unique factorization. 


Proof : IfaRx = 1---p, with p; © X;, then every factorization of the block 
b = (X1,..., Xx) induces a factorization of a. In fact, if a is a factorization 
of b, then a = a ---a, with 


a;RxK = Il Pm(j,s)> 


s=l1 


where cj +---+c, =k, and for every j we have 
4m(j,8) 1 Ss 5 ej} =a Og (4) = 9}. 


One sees that every factorization of a into irreducibles is induced in this 
way by a factorization of b, and different factorizations of a are induced 
by inequivalent factorizations of b. If all prime ideals p; are distinct, then, 
conversely, inequivalent factorizations of b induce distinct factorizations of 
a. O 


Note that the second assertion of Proposition 9.9 may fail to hold if aRx 
is not a product of distinct prime ideals. For instance, if H(K) = C2, and 
b = (a1, 4@2,03,a4), where a; = ag = a3 = ag is the non-unit element of 
(Kk), then the factorizations 6 = (a,a2)(a3a4) and 6 = (a,a3)(aga4) are 
inequivalent. However, if p is a non-principal prime ideal in Rx, and aRx = 
p”, then the element 6 = a? has unique factorization. 

Denote by a;(A) the maximal length of a block in 8(A) which has unique 
factorization, and does not contain the unit element. Note that if the group 
A is non-trivial, then a;(A) is finite, because if 6 = b,---b, is a unique 
factorization of b into irreducible blocks, then no element of A can appear 
in two distinct b;’s. Thus s < #A, and since the length of each b; does not 
exceed D(A) by Proposition 9.6, we get a;(A) < D(A) - #A. 
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For non-zero a € Rx denote by s(a) the number of distinct non-principal 
prime ideals dividing aRx. 


Corollary. If H(K) is non-trivial, then for every element a € Rx having 
unique factorization we have s(a) < ai(H(K)), and there is an element a 
with unique factorization, for which equality holds. 


Proof : The second part of the assertion results from the proposition, as 
well as the first part in the particular case when the ideal aRx is square- 
free, i.e., is a product of distinct prime ideals. It remains to show that the 
inequality s(a) < a1(H(K)) holds also for these a with unique factorization 
which generate a non-square-free ideal. 

Let a be such an element, and let (9.1) be the factorization of aRx into 
prime ideals. We may assume that all ideals p; are non-principal, i.e., t = s(a). 
Assume that the ideals p;” are principal for 7 = 1,2,...,r and non-principal 
for j > 1+ 17, and denote by X; the class of H(K) containing p; (if j <r), 
resp. p;? (if 7 > 1+-7r). Thus all classes X; are non-principal. Choose prime 
ideals q; € X; fori = 1,2,...,¢, and Q; € x fori = 1,2,...,7r, so that 
they are all distinct, and observe that the ideal qi ---q:£1 --- 2, is principal. 
Let b be one of its generators. To prove our assertion it suffices to show that 
b has unique factorization, since the ideal generated by b is square-free, and 
as the assertion has been already proved in this particular case, we get 


s(a) =t<t+r=s(b) <a,(A(4A)). 


If the order of X; equals m,;, and 7; is, for i = 1,2,...,7r, a generator of 
p;"*, then m;, divides a,. If we put A; = a;/mj, then the number 


e 
= Ai 
= [1 
i=1 


has unique factorization, being a divisor of a, and this implies that the classes 
Xj,...,X, generate independent cyclic subgroups of H(K). Indeed, if with 
suitable 0 < a; < _m; we would have 


r 


[| x* =4, 

t=1 
then the product Tj-1 my? would be principal, equal to ARx, say, and X 
would have unique factorization, being a divisor of c. This is, however, im- 
possible, as 7; { \ for j = 1,2,...,7r, and A| ja tj. 

Denote by G the subgroup of H(K), generated by X1,..., X,, and observe 
that no product Y = X;,---X;, # E withr+1 <i <ig<...<i% <t 
can lie in G. Indeed, if this were the case, then with suitable 0 < b; < m; 
(j =1,2,...,r) we would have Y = [][}_, X?', and thus the ideal 


a 
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—b — a ai 
pi? 1 ee per ie eee ite 
would be principal. Its generator, being a divisor of a, would have unique 
factorization, and this would lead to m,|b; and 6; = 0 for j = 1,2,...,r. 
It follows now immediately that b has unique factorization. O 


6. Now we shall present another combinatorial constant, related to the ques- 
tion of unique factorization of rational integers in quadratic fields. 

Let A be a finite Abelian group written multiplicatively. Denote by M(A) 
the maximal cardinality of a subset {a1,...,@,} of A with the property that 
all products 


n 
Tie? GaG as 1,2) 5t) 
j=l 


are distinct. 

To establish a link between M(A) and factorizations consider a quadratic 
number field K, and observe that if X € H(K), then the orbit of X under 
the action of the Galois group of K/Q equals (X, X~1). Indeed, if p € X isa 
prime ideal of first degree, and p’ is its conjugate, then by Theorems 4.6 and 
4.39 we have p’ € X~1. From each orbit 4 (EF, F) (with E being the unit 
class) choose one class, let ¥ = {X1,..., Xz} be the set of classes obtained 
in this way, and let O; be the orbit (X;, X; ') If p is a rational prime such 
that pRx = pipe, with p; € X;, po € X~1, then we shall say that p belongs 
to the orbit O;, and write pl O;. 


Proposition 9.10. Suppose that O;,,...,O;, are distinct orbits 4 (E, E) 
and let p; + O; forj =1,2,...,8. Then the number m = [ee p; has unique 
factorization in K if and only if all products 


es (9.4) 


with €; € {0,1} are distinct. 


Proof : By Proposition 9.9 the number m has unique factorization if and 
only if the block b = (Xi,,X;, ath Xi, Xj") has unique factorization in 
%8(H(K)). Since all blocks (X;,X;') are irreducible, this happens if and 
only if 6 has no irreducible factor of length exceeding 2. Observe now that if 

OS eee. 6 ar? Cennard (9.5) 


? Tm 


with {k1,...,ky,71,..-;%m} C {i1,i2...,i,} is such a factor, then for allt A u 
we have k; # k,,, and 


Xky tt Xky = Xr Xp (9.6) 


9.1. Elementary Approach 495 


showing that not all products (9.4) are distinct. Conversely, if two products 
of the form (9.4) are equal, then after suitable cancellation we arrive at an 
equality of the form (9.6), showing that the block in (9.5) does not have an 
irreducible factor of length 2, i.e., of the form (X, X~') Oo 


Corollary. If m is a square-free rational integer having unique factorization 
in a quadratic number field K, then m can have at most M = M(H(K)) 
prime factors which do not generate prime ideals, and do not split into prin- 
cipal factors in K. 

Moreover, there exist integers m, for which this bound is attained. 


Proof : Observe first that if m = p,---ps, has unique factorization in K, 
and the primes p; are distinct, then they must belong to different orbits. 
Indeed, if, for example, p; and p2 belong to the same orbit (X, X~'), then by 
Proposition 9.9 their product cannot have unique factorization. We may thus 
apply the last proposition to get s < M. To show that this bound is attained, 
observe that if Y1,..., Ya are classes in H(K) such that all products 


M 
€j 
IT’ 
j=l 


with €; = 0 or 1 are distinct, then for i 4 7 we have Y;Y; A E. Thus all orbits 
(Y;, Y;-') are distinct. If now p; + (Yi, Y;') for i= 1,2,..., M, then it follows 
from the proposition that the product p;---pyg has unique factorization in 
K. O 


Our next result gives certain information about the size of M(A). 


Proposition 9.11. If A is a direct product of the cyclic groups Cy,,...,Cn,, 


then x 
> Ea < M(A) < log #A- 
rai log 2 log 2 


Proof : The upper bound results from the fact that number of zero-one se- 
quences of length M equals 2”. The lower bound is obtained by considering 
for 7 = 1,2,...,r the elements 


2 ky 
RGN teas 5 
where X; is a generator of C,,,, and kj is the largest integer satisfying 


14242? +4---42) <n. oO 


Corollary. If A is either cyclic, or a 2-group, then 
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7. Elasticity of factorizations p(R) in a domain R is defined as the least 
number c such that for every non-zero and non-unit element z € R if 


D= A+++ Am = 01 -++ by 


with irreducible factors, then n/m < c. In the case of algebraic number fields 
this constant is related to the Davenport’s constant of the class-group. 


Proposition 9.12. One has p(Rx) = D(H(K))/2, 


Proof : Put D = D(H(K), and let X1,..., Xp € H(K) be classes, forming 
an irreducible block of maximal length. For i = 1,2,...,D choose prime 
ideals p;,q; € X;, and observe that with certain a, 3,71,...,7p we have 


Pie pp =aRx,q1-:-qp = GR, pig = ViRK- 


The resulting equality aG = ey1---yp (with a unit €) leads now to 
p(Rx) = D / 2. 

On the other hand, assume that with certain k > 1 we have an equality 
Q1+*+Qp = B,---G, where a;,8; € Rx are irreducible elements, none of 
which generates a prime ideal. By Corollary to Proposition 9.6 the number 
of prime ideal factors of the right-hand side of this equality does not exceed 
ID, and that of the left-hand side is at least equal to 2k. Therefore we get 
2k > LD, thus k/l < D/2, and p(Rx) < D/2. oO 


9.2. Quantitative Results 


1. In this section we shall consider counting functions of irreducible integers 
and integers with unique factorization, and start with an auxiliary result 
concerning the distribution of ideals having a prescribed number of prime 
ideal divisors in a given class of H(K). 

Let X be a given set of ideals. We shall denote by wx(I) the number of 
distinct prime ideals belonging to X which divide the ideal J, and by 2x(J) 
the number of these prime ideals, counted with their multiplicities. In other 
words, we put 

m,_ fm ifpex, 
Qx(p™) = : otherwise, 
and extend 2x to all ideals I by additivity, i.e., 


Qx(I) = D> Qx(p™). 


pm |r 
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Theorem 9.13. Let X1,...,Xm be given classes in H(K), and let c1,...,¢m 
be given non-negative integers. We assume that in the case m = h(K) not 
all c; vanish. Fori =1,2,...,m let the function f, be equal to either wx, or 
Qx,, and denote by B(x) = G(x; fi,...,fm3C1,.--,€m) the number of ideals 
I of Rx, satisfying N(I) < x and f,(1) = c¢; fori =1,2,...,m. Finally, let 
@y (x) = By (a; fi,..., fri Ci,---5Cmj3Y) be the number of such ideals lying 
in a given class Y of a certain group HF (K). Then, for x tending to infinity, 
we have 


(x) = { (C + 0(1))xlog-™/" x(loglogx)? ifm<h, 
(Cy + 0(1))xlog™* a(loglogx)7-! ifm=h, 


where h = h(K), T=c1+---+¢m, and C,C, are positive constants, defined 
by 


Cn) = yey! emlhT TP (1 = +) ) 


and 


where y > 0 depends only on X1,...,Xm- 
Moreover, if m < h/2, then 


Py (x) = (hy (K)~* + 0(1)) O(a). 


Note that the constants C’, C, do not depend on the choice of the functions 
fi. 
Proof : Let x be a character of H(4‘), and consider the function 
£52) 
(121 257° )x() 
Fe(85215---92m) = DON (9.7) 


defined for Re s > 1 and |z;| < 1 (@@ = 1,2,...,m). By Lemma 7.1 we can 
write, using the expansion of the logarithm, 


Hy(8;21,..-42m) = [J] 1+ >> (il do) x(p)N(p)~?8 


p g=1 \Vi=1 
= exp (= log | (1+ 5> (i fo) x(p)iN(p)~9* | | = ABC, 
p j=l i=l 


where 
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A =exp id (ie an i) x(p)(p)~ ) 


he H) x(p)) (p)?8 


a D2 
2 
and 
k 
2 k+1 Se) (i 
C = exp Soyo ea > ( oe ) ROG) 
p k>2 j=l i=l 
Write, for shortness, X’ = |” ;, Hj = Hj(K) and hf = hy (K). Since 
f;(p) = 1 for p € Xj, and f; ea rotheraine. Corollary 6 to Proposition 


7.16 implies 


1 
log A = ye x(Z) alg, S- we + > Nip) 


4H; J=1 pEx;NZ peZ\x’ 


ZeHy j=l 
HS Gy (SUR ae eels 


where 


_ jl if ZC X;, 

(4 X5)= ve otherwise, 
and g, is a function regular in Re s > 1. Observe that g, does not depend on 
the choice of the functions f;, and, in particular, a = g,,(1;0,...,0) (where 


Xo is the principal character) depends only on the classes X),...,Xm. 
Now put 


f Zen? 


and for non-principal x put R(y) = par 14;(x), observe that d(xo) = 
1/h(K), and note that the product BC is a function regular in Re s > 1 
for |z;| <1. 

With these notations we obtain 


Fyo (8; 21,---; 2m) 
— [leo (# J log = 


with h,, regular for Re s > 1 and |z;| < 1. Similarly, for non-principal + we 
get the equality 


=) (s—1)"/"h,,,(8; 21,---5 2m); (9.8) 
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H. x85 21). eZ} 
= -Tlep (<:a5(0) x) log = 


Observe now that for x = xo the product AB attains at s=1, 2] =...= 
2m = 0 a non-zero value, and therefore we get y = hy,(1;0,...,0) 4 0. Note 
also that this value does not depend on the choice of fi,..., fm. 

Expanding the right-hand sides of (9.8) and (9.9) into power series in 
21,.-+;2m, and comparing coefficients in (9.7) we arrive at the following 
equalities, valid for Re s > 1: 

iS N(I)* 


(1,fj=1 
f;(1)=c; ,t=1,...,m 


ere Dis tess 1 
=(s- yr? SP AR) 7 L [Git on” 5 + Gols), (9-10) 


rytsiqei t=1 


: +) (s—1)POh, (8; 21,...,2m). (9.9) 


and 


SS x(n) 


(/)=1 
fg(1)=c;,i=1,...5m 


SS hyeesy 


where J = ji +--:+ jm, Gy are regular for Re s > 1, and the functions 
A®) are defined by 


T1 Top F 
S AGO | et ee ee eee 


Tl yeeyTm 


Tm 


Note that Age; =y7. 

Applying to lhe equality (9.10) Theorem I of Appendix II in the case 
f — Rx, we get the first two assertions of the theorem. 

To obtain the last assertion we again use (9.10). Write for Re s > 1 


Sw =sym) en 
hy 


ley I 
f(D) =e; ,t=1,...,.m f,(D)=e;z,t=1,....m 


= (6 9/4P (tog 25) + Ye — DFR, (low 5) + 90) 


xX#XO 


where P,P, are polynomials with coefficients regular in Res > 1, and g 
regular in that half-plane. The degree of Py equals cy +-+-+¢m = T,, and its 
leading coefficient does not vanish at s = 1. Finally, we have 
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Re (—R(x)) = Re [> YT x(Z)alz, Xi) 


Ff i=1 ZeH; 


= ES a(Z, X;) =m/h<1—m/h, 
and we may again apply Theorem I of Appendix II. O 


Note that in the last part of the theorem one cannot omit the condition 
m < h/2. Indeed, ifh = 2, f= Rx, Y = E and X; # E, then for f; = 2x, 
and odd c; we get Fy (x) = 0 for all a. 


Corollary 1. If A(z,n), B(x,n) denote the number of ideals I with N(I) < 
xz, which have n prime ideal divisors, resp. n prime ideal factors counted 
according to their multiplicities, then with a certain positive constant C one 


has 
x(log log x)"~4 


A(z,n) = (C + o(1)) pee 


and 
B(a,n) = (1+ o(1))A(a, n). 


Proof : Observe that if H(K) = {X1,...,Xn}, then form = h(K) and 
fi =wx,, resp. fj = Qx, the sum 


ys D( 6315224 en) 


equals A(x, 7), resp. B(x,n) and apply the theorem. 0 


Corollary 2. For the number of principal ideals I with N(I) < x, which 
have n prime ideal factors counted with their multiplicities one has 


x(log log x)"~4 
(Ci + o(1)) Coeroes 


? 
with certain C, > 0. 


Proof : If X1,...,Xp are all classes in H(i), then the number in question 


equals 
DS P(x;¢1,.-.,Cn), 


cyte tep=n 
C1 iy che 
x x, =E 


where in the definition of @ only the functions 2x, are involved. Now it 
suffices to apply the theorem. Oo 
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Corollary 3. Let X1,...,Xn be all classes in H(K), and let ci,...,cn be 
given, not all vanishing. Then the number of ideals I € X; with N(I) < « 
and Qx,(1) =c; fori =1,2,...,h, equals 


x(log log x)7—! 
(C2 + o(1) 
with positive Cz, and T = cy +-:-+¢n, if geen Xi = X;, andT = 0 


otherwise. 


Proof : Observe that if nee X* = X;, then every ideal I satisfying Qx,(I) = 
c; fori = 1,2,...,m lies in X;, and apply the theorem. O 


Note finally that the same method as used in the proof of Theorem 9.13 
leads to the proof of the following result: 


Proposition 9.14. Let I,,..., Im be disjoint regular sets of prime ideals 


having positive densities a,,...,Q@m. Let for each i = 1,2,...,m a function 
fi, be given, which equals either wy, or Qr,. Further, let c1,...,Cm be given 
non-negative integers with non-vanishing sum T, and let F(z;c1,...,Cm) be 


the number of ideals I with N(I) < x, and fi(1) = q fori = 1,2,...,m. 
Then 
F(23c,...,m) =(C + 0(1))x(log x log z)™ log™* a2, 


where a 
odo Ma {ny pan 
and C is a positive number, not depending on the choice of the functions f;. 
We leave the needed modifications to the reader. 


2. Our next application of Theorem 9.13 concerns irreducible integers: 


Theorem 9.15. Let F(x) be the number of pairwise non-associated irre- 
ducible integers in K whose norms do not exceed x in absolute value. Then 


x(log zlogx)?~1 


P(e) = (C+ 01) EE 


with a suitable C > 0 and D = D(H(K)). 


Proof : If I = p,---p, is a principal ideal, p; are prime ideals, not nec- 
essarily distinct, and X; is the class of p; in H(K), then let b(I) be the 
block (X1,X2,...,X;,) in B(H(K)). Let b1,...,6, be all irreducible blocks 
in 8(H(K)). By Proposition 9.5 we have 
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IEE,N(I)<a 
b(1)=b; 


‘. 
F@=S> SO 1 
j=l 
Now, if for a class X we denote by c;(X) the number of appearances 
of X in b,;, then b(I) = 6; holds if and only if for every class X we have 
Qx (I) = c;(X). This shows that in view of Corollary 3 to Theorem 9.13 we 
have, in the notation of Theorem 9.13, 


So 1 = Gn(a; {c;)(X): X € H(K)}) 
I€E,N(I)<a« 
b(1)=b; 


x(log log x)*s—1 


Se cca) aaa 


with t; = ) yen) Cj(X) being the length of the block b;. An application 
of Proposition 9.6 leads now to the assertion. O 


One can also ask for rational primes which remain irreducible in kK. Such 
primes exist rather seldom, as the following easy result shows: 


Proposition 9.16. Let K/Q be normal, and assume that there are rational 
primes which do not ramify in K/Q, and which remain irreducible in K. Then 
the Galois group of K/Q contains a cyclic subgroup of index not exceeding 
D(H(K)). 


Proof : If p does not ramify in K/Q, then we have pRx = $1---ps with 
distinct prime ideals p;. If X; is the class of p; in H(K), then by Proposition 
9.5 the block (X1,...,X,) is irreducible and so, by Proposition 9.6, we have 
8 < D(H(K)). However, by Corollary to Proposition 6.8, s is the index of the 
decomposition group of py in Gal(K/Q), and since the decomposition group 
is cyclic, the result follows. O 


Corollary 2 to Theorem 7.29 shows that if K/Q is cyclic of degree N, then 
infinitely many rational primes generate prime ideals in Rx, and Theorem 
7.30 implies that the density of the set of all these primes equals y(N)/N, 
because a cyclic group of order N has y(N) generators. There may be also 
other primes which remain irreducible. In the special case of cyclic extensions 
of prime degree we shall now prove a formula expressing the asymptotic 
behaviour of their counting function: 


Proposition 9.17. Let K/Q be cyclic of prime degree q, and denote by P(x) 
the number of rational primes p < x which remain irreducible in K. Then 


P(«) = (c+ OW) Gea 
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where 


— aE: mae 


A denotes the set of all irreducible blocks in 8(H(K)), which are invariant 
under the action of G = Gal(K/Q), and for every such block the number r(b) 
is defined by 
b) = { 1/q_ if all classes in b coincide, 
otherwise. 


Proof : As in the proof of Theorem 9.15, we have 


P(a) = dy Ds 4 yD 


© pe 
sare ae b pRy is prime 
In order to evaluate the inner sum in the first term observe that if b = 
(X1,...,X,) and X; = Xo, then necessarily X; = X2g =... = X;, as G 
is cyclic of prime degree. Thus the classes in b are either all distinct, or all 
equal. Using Corollary 4 to Proposition 7.17 we get in the first case 


a> = (say +l) Gey =O + Oe 


pSz pexy 
b(pR_)=b N(p)<e 


and in the second case 


> i= - yo i= (aaR + o(1)) ae = (r(b) +0(1)) oe" 


psa pEexy, 
b(pR yx )=b N(p)<@ 
Adding these equalities, and noting that in virtue of Corollary 5 to Propo- 
sition 7.16 one has 


1 
> = (1-2 +04) see, 
ar qd log x 


PRK is prime 


we obtain our assertion. O 


3. Now we turn to numbers with unique factorization. In this subsection 
F(x) denotes the number of non-associated integers a € K with |N(a)| <a 
having unique factorization. We shall determine the right order of magnitude 
of F(x), however, we will not prove the corresponding asymptotic equality, 
whose available proof is rather technical. 


Theorem 9.18. Let K be an algebraic number field with h = h(K) > 2. 
Then 


x(log log x)*(log z)1/"-! < F(a) « x(loglogz)*(log x)!/"1, 
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with a = a;(H(K)), as defined in Subsect. 5 of the preceding section. 


Proof : Let A= {by,...,b,} be the set of all blocks in 8(H(K)) which have 
unique factorization, and do not contain the unit class FE. Since the length of 
a block in A does not exceed a, the set A is finite. If now X,,...,Xp_1 are 
the non-unit classes of H(A), and c;(X;) denotes, as in the proof of Theorem 
9.15, the number of occurrences of X; in the block 6;, then by Proposition 
9.9 and Theorem 9.13 we get 


k 
F(x) > d, ys: 1 


I€E,N(1) <a 
2x, Daj (Xj) 4=1,...4h-1 


= (C, + 0(1))a(log log x)*(log x)1/"1, 


with a suitable positive C,. This proves the first part of the assertion. To 
prove the second, we utilize Corollary to Proposition 9.9, from which we 
obtain immediately 


ras DY LY iw DY ys 


CLieees Ch-1 I€E,N(I)<« CLorees Ch-1 N(I)<e 
So egsa 2x, sei t=1,...h-1 Sregse Lx, D)=e,,t=1,...,h-1 


= (C2 + 0(1))a(log log x)? (log x)'/"-1, 


with a certain C2, the final inequality being a consequence of Theorem 9.12. 
O 


This theorem shows that the class-number measures in some sense the 
deviation of the ring Rx from a ring with unique factorization, since it shows 
that the asymptotic order of the counting function of non-associated integers 
with unique factorization diminishes with the growth of the class-number. 

A set ¥ of element of Rx consisting of full classes of associated integers 
is said to contain almost all integers of K, if its counting function 


X (x) = #{a€ X: a pairwise non-associated, |N(a)| < x} 


satisfies 


where I(x) denotes the number of pairwise non-associated integers a with 
|N(a)| < x. Clearly I(x) equals the number of principal ideals of Rx with 
norms not exceeding x, and thus by Theorem 7.18 we have I(x) = Kx+0(z), 
with « defined by (6.8). Thus ¥ contains almost all integers if and only if 
T(x)/z tends to k, when z tends to infinity. Similarly, we say that X contains 
almost no integers if 4(x) = o(x). Using this terminology we can state a 
simple corollary: 
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Corollary. If h(K) > 2, then almost no integer of K has unique factoriza- 
tion. Oo 


4. It is possible to obtain a similar result for the number Fo(z) of positive 
rational integers n < x, having unique factorization in a given field K. The 
proof in the general case relies on class-field theory, and so we treat here only 
the simplest case of cyclic extensions of prime degree. 


Theorem 9.19. Let K/Q be cyclic of prime degree q, and let h = h(K) > 2. 
Then with a certain positive constant C one has 


Fo(a) = (C + 0(1))a(log log x)™ (log x)4-")/P4, 


where M is a non-negative integer depending on the action of the Galois 
group of K/Q on H(K), and not exceeding the number of orbits distinct 
from (E,E,...,E). If q = 2, then M = M(H(K)), as defined in Subsect.6 
of the preceding section. 


Proof : Let O1,...,O, be all orbits 4 (E, F,..., &) of H(K) under the action 
of the Galois group of K/Q. With every orbit O; = (X1,...,Xq) we associate 
the set ‘8; consisting of all rational primes p for which pRx = p1--- Pg holds 
with prime ideals p; € X;. Note that every rational prime, which does not 
generate a prime ideal in K, lies in one of the sets $B;. If the orbits O,,...,O; 
have the form (X,X,...,X), and the remaining r — t orbits consist of dis- 
tinct classes, then Corollary 6 to Proposition 7.16 shows that the sets 3; are 
regular, and their density equals 


Wfil<i<t, 
ift<i<r. 


a) = { ‘i 


We need the following simple observation: 


Lemma 9.20. If a rational integer n has unique factorization in K, then n 
cannot have two distinct prime divisors belonging to the same set ;. 


Proof : Let n be a rational integer having two divisors p1,p2 € %8;, we see 


that . P 
pikx = [[ p2RK = [I 


i=1 i=1 


holds with suitable prime ideals p;,p; € X,;, and thus pip2 has two factoriza- 
tions arising from 


pipaRK = (P1--- Pq) (Pi - +: Py) = (PiP2 °° Pq) (Pibd- +: Pq): O 
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Let now A be the set of all sequences (a1,...,@,) with the property that 
there exists a square-free rational integer n with unique factorization in K, 
for which wy,(n) = a; holds for i = 1,2,...,r. Lemma 9.20 shows that 
a; € {0,1}, and therefore the number 


M = max{)\ a; : (a1,...,@,) € A} 
j=l 


does not exceed r. 

Finally, note that if n satisfies Qp,(n) = a; for i = 1,2,...,r, and 
(a1,...,a,) € A, then, owing to Proposition 9.9, n has unique factorization 
in K. This leads to 


5 YS isaws YO Yt 


(a1,..,4r)EA (a1,...,ar)EA 


n<ax n<ax 
Noy, (m)=a4,t=1,-057 wm, (n)=a;,t=1,...,7 


and an application of Proposition 9.14 gives the assertion. If gq = 2, then 
Corollary 2 to Proposition 9.10 implies M = M(H(k)). O 


In the general case we prove only the following simple result: 


Proposition 9.21. If K/Q is normal of degree N and h = h(K) > 2, then 
with a suitable B > 0 we have 


Fo(x) < x(log log x)? (log x) A-")/PN 


Proof : Let $8 be the set of all rational primes which do not ramify in K/Q, 
and which have a non-principal ideal factor of degree 1 in Rx. In view of 


1 1 1 
—=— ——— (Res>1), 
dX ‘a D N(B)s ( 
FrjQ@)=eK/Q(P)=1 
we infer by Corollary 6 to Proposition 7.16 that % is regular and has density 
(h—1)/AN . Now assume that n € Z has unique factorization in K. Lemma 
9.20 shows that n cannot be divisible by two primes, each of which has a 
prime ideal divisor in the same class of H(A‘), and this implies that w(n) 
does not exceed the number of distinct orbits £ (E,..., £) of H(A) under the 
Galois group of K/Q. Denoting this number by B, and applying Proposition 
9.14 we get our assertion. O 
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9.3. Notes to Chapter 9 


1. Theorem 9.1 is due to Carlitz [60]. It is not true for arbitrary Dedekind 
domains, as suitable counterexamples can be constructed using the results of 
Claborn [68]. Domains in which Theorem 9.1 holds are called half-factorial 
domains (HFD). Half-factorial domains and related semigroups were studied 
first by Skula [76] and Zaks [76], [80]. In Coykendall [99] it has been proved 
that if an order in an algebraic number field is HFD, so is its integral clo- 
sure. Note that a localization of a Dedekind HFD domain may be not HFD, 
as an example given in Anderson, Chapman, Smith [94] shows. Orders in 
quadratic number fields which are HFD’s were described by Halter-Koch [83] 
and Coykendall [01]. There is a large literature concerning HFD, and a sur- 
vey was given in Chapman, Coykendall [00]. For some variants of HFD see 
Chapman, Smith [90a], [92a,b]. 

Other characterizations of algebraic number fields with particular class- 
groups have been given in Chapman, Smith [90b], Czogata [81], Di Franco, 
Pace [85], Feng [85], Geroldinger [90d,I], Kaczorowski [81a], Krause [84]. 
Salce, Zanardo [82]. 

Theorem 9.2 is due to Kaczorowski [84a]. A variant of it was given in 
Halter-Koch [83], where also another elementary description of H(A) was 
presented (cf. Halter-Koch [90b]). Yet another description appears in Rush 
[83]. For a unified treatment see Geroldinger [90d,I]]. 

Absolutely irreducible elements were studied in Kaczorowski [81b], [84b]. 


2. Theorem 9.7 was proved by Olson [69] and Schanuel [74]. For further 
results concerning Davenport’s constant D(A) see Baayen [69], Baayen, Emde 
Boas, Kruyswijk [69], Chapman [95], Delorme, Ordaz, Quiroz [01], Emde Boas 
[69], Emde Boas, Kruyswijk [67], Gao [00], Geroldinger, Schneider [92]. 

The constant M(A) appears, in the special case A = C7, already in 
Shannon [56]. It is easy to see that M(C?) = n, and in Mead, Narkiewicz 
[82] the equality M(C?) = 2n has been established, and the value of M(C?,) 
was found for certain integers m. The bound given in Proposition 9.11 was 
for A = Cf improved by S.K.Stein [77]. 

Combinatorial constants occurring in Sect.1 have been considered in Nar- 
kiewicz [79] and Narkiewicz, Sliwa [82]. For these and other combinato- 
rial constants related to factorizations see Chapman [95], Gao [97], Gao, 
Geroldinger [98], Geroldinger [97a,b], [98], Geroldinger, Kaczorowski [92], 
Geroldinger, Lett] [90], Halter-Koch [92a], Hassler [03], Krause, Zahlten [91], 
W.A.Schmid [03a], Skula [76], Sliwa [76a], [82b]. For a more general approach 
to block semigroups see Geroldinger [94], Halter-Koch [92c,d], W.A.Schmid 
[03b}. 


3. Proposition 9.12 appears in Steffan [86]. Elasticity in various classes of 
domains has been studied in Anderson, Anderson [92], Anderson, Anderson, 
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Chapman, Smith [95], Anderson, Chapman [00], Cahen, Chabert [95], Chap- 
man, Smith [90a], [93b], Gonzalez [99], Valenza [90]. It can be considered also 
in certain semigroups (Halter-Koch [95]). 


4. Theorems 9.13 and 9.15 are due to Rémond [66] (cf. Lardon [71]). An 
evaluation of the error term in Theorem 9.4 and an asymptotical expansion 
was given in Kaczorowski [83], where also one finds corresponding expansions 
for counting functions considered in Theorems 9.15 and 9.19. An extension 
of Theorem 9.13 appears in Sliwa [76a]. Corollary 1 to that theorem is due 
to Nakamura [59]. It has been shown in Halter-Koch, Miiller [91] that the 
constant in Theorem 9.15 depends only on the class-group of the field. 

The condition given in Proposition 9.16 for the existence of unramified 
primes which remain irreducible in K is necessary, but, in general, not suf- 
ficient. In the case of normal extensions a necessary and sufficient condition 
was given in Sliwa [77]. For the case of a cyclic extension of prime degree see 
Wegner [32b]. 


4. The first result dealing with asymptotics of functions related to factor- 
izations is due to Fogels [43], who established Corollary to Theorem 9.18 
for the field Q(,/—5). In 1962 Turdn asked me, whether one can obtain the 
same assertion in the general case, and this has been done in Narkiewicz 
[64]. In Theorem 9.19 one has in fact C; = C2, hence there is an asymptotic 
equality (Narkiewicz [72]). Theorem 9.19 was proved in the case q = 2 in 
Narkiewicz [66], and Odoni [76] obtained asymptotics for Fo(«) for arbitrary, 
not necessarily normal, fields in the form 


x(log log )°(K) 


kK) + O(1/ log lo ; 
(a(K) + O(1/log log x)) 10g) g 


where a(K) > 0, 0 < b(K) < 1 and c(K) < h(K). An analogous result 
for the counting function of rational integers with at most m factorizations 
was obtained by Sliwa [76b]. Asymptotics for the number of elements of Rx 
with at most & factorizations was studied in Halter-Koch, Miiller [91], and 
Geroldinger, Halter-Koch [92a] (see also Halter-Koch [93b]). 

Another approach to the count of irreducible integers and integers with 
at most m factorizations was presented by Helmut Weber [84], who used a 
method of Siegel. 

If h(K) > 3, then almost all integers of K have factorizations of dis- 
tinct lengths, and the same applies to rational integers (Narkiewicz [66]). 
Asymptotics for the counting function of numbers with at most k factoriza- 
tion lengths was obtained in both cases in Sliwa [76a] (cf. Geroldinger [90a], 
[91], Halter-Koch, Miiller [91], Sliwa [82b]). 

Rosiriski and Sliwa [76] settled in the negative a question of Turén, who 
asked whether the function fx(n), counting factorizations of a rational inte- 
ger n in a given field K with h(K) > 2 can have a non-decreasing normal 
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order. (Recall that a function F(n) is called a normal order for f, if the 
inequality 
|f(n) — F(n)| < €F(n) 

holds for every positive € and almost all n). The function log fx(n) has a 
nondecreasing normal order, equal to c(K) log log nlog log logn with a cer- 
tain c(K) > 0 (Narkiewicz [80]). Similarly, the function c;(K) loglogn (with 
c1(K) > 0) serves as a normal order for the number of factorizations of n in 
K with distinct lengths, provided h(K) > 3. This was proved independently 
in Allen, Pleasants [80], and Narkiewicz, Sliwa [78]. 

Asymptotics for }>, —, fx(n) was found by Rémond [66]. A formula for 
the number of distinct factorizations in the case of class-number 2 was derived 
(in a more general setting of Krull monoids) in Chapman, Herr, Rooney [99], 
and the number of factorizations of distinct lengths was determined in the 
case D(H(K)) < 4 in McCoy, Parry [90]. 

Asymptotics for several counting functions related to factorization prop- 
erties in orders of global fields was obtained in Geroldinger, Halter-Koch, 
Kaczorowski [95]. A more general approach, covering also algebraic function 
fields, was developed in Halter-Koch, Miiller [91]. 


5. It has been proved by Geroldinger [88] that the set of all lengths of fac- 
torizations of a given element is essentially a union of finite arithmetical 
progressions, and for almost all elements it forms a finite arithmetic progres- 
sion (cf. Geroldinger [90c]). The same holds also, more generally, in a class of 
Krull domains (Geroldinger [97c]), and in certain monoids (Geroldinger [98]). 
Cf. Freiman, Geroldinger [00], Gao, Geroldinger [00], Halter-Koch [93a]. El- 
ements for which the set of factorization lengths forms a finite arithmetic 
progression was studied in Geroldinger [89]. For lengths of factorizations see 
also Geroldinger, Halter-Koch [92b] and Halter-Koch [92e]. 

Lengths of factorizations in other domains were dealt with in Chapman, 
Geroldinger [97]. 

For other results concerning factorizations, irreducible integers, and re- 
lated questions see D.F.Anderson, Pruis [91], Bumby [67], Bumby, Dade [67], 
Butts, Pall [67], Chapman, Smith [93a], [98], Halter-Koch [93c], Lettl [87], 
Pall [45]. 

An abstract approach to factorization problems was presented in Halter- 
Koch [92b]. 


EXERCISES 


1. Let n > 1 be an integer. An algebraic number field K satisfies the condition 
Vn, if any equality of the form a1a2 = b1 --- bx, with ai, bj being irreducible integers 
in K, can hold only if k < n. Moreover, K satisfies the condition W, if such an 
equality with ai = a2 implies k = 2. 

(i) (Czogala [81]) Prove that h(K) = 3 holds if and only if K satisfies the 
condition W3, but not V2, and h(K) = 4 holds if and only if K satisfies either W4 
or V3, but does not satisfy W3. 


510 9. Factorizations 


(ii) (Feng [85]) Prove that K satisfies V, if and only if D(H(K)) <n. 


2. (Krause [84] If A is a finite Abelian group, then the cross-number k(A) of A 
is defined as the maximal value of the function 


FO) = ay 


(where o(a) denotes the order of a) in the set of all irreducible blocks b € 58(A). 


(i) Prove that if A is a direct sum of cyclic groups of orders n1,...,s > 2, then 
s 
1 
k(A) > s— i. + o 
i oe 


where e = e(A) is the exponent of A, i.e., e = LCM(m,...,ns). 

(ii) Prove that if k(A) = 1, then A is either cyclic, or its order is a prime power. 

(iii) Establish the converse of (ii). 

(iv) Show that H(K) is either cyclic, or of a prime-power order if and only if 
there exists an integer N > 1 such that the N-th power of every irreducible integer 
of K is a product of at most N absolutely irreducible elements. 

3. (Halter-Koch [84b]). Show that if e is the exponent of H(K), then for every 
n = 2,3,...,e one can find non-associated integers ao,ai,...,@n € K with ag = 
Q1°*+Qn. 

4. (Halter-Koch [83]). Prove that an irreducible integer c € K is absolutely 
irreducible if and only if for every a,b € Rx the condition clab implies either cla”, 
or c|b?. 

5. Prove that M(C3) =n and M(Cf) = 2n. 

6. Prove that if h(K) > 2, then for any given positive N almost all integers of 
K have at least N distinct factorization into irreducibles. 

7. Prove that if h(K) > 3, then almost all integers of K have factorizations into 
irreducibles of distinct lengths. 

8. Prove that if K/Q is normal and h(K) > 3, then almost all rational integers 
have in K factorizations of distinct lengths. 
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Locally Compact Abelian Groups 


1. In this appendix we collect definitions and results from the theory of locally 
compact Abelian groups used in this book. Several theorems will be quoted 
without proofs, which can be found e.g. in Hewitt, Ross [63], or Rudin [62]. 

A locally compact Abelian group (LCA) is an Abelian group with a Haus- 
dorff topology in which G is a locally compact topological space. Moreover it 
is required that the map G x G —> G defined by [z, y] +» x — y is continuous 
in this topology. 

Every such group is a homogeneous space, since for every fixed a € G the 
map z++ az is a homeomorphism. Moreover, to ensure local compactness of 
G it suffices to have an open neighbourhood of the zero element which has a 
compact closure. 

A continuous homomorphism of G into T, the group of complex numbers 
with unit absolute value with the usual topology of the circle, is called a char- 
acter of G. The set G of characters has a group structure with multiplication 
given by (f - g)(z) = f(x)g(x) (f,9 € G, z € G). The family 


U(e,X)={f €G: |f(x)—1| <e for all x € X}, 


where € > 0, and X is a compact subset of G, defines a topology in G under 
which it becomes a locally compact Abelian group, the group of characters, 
or the dual group of G. 

Every element g of G induces a character on the dual group, namely 


o(f) = f(g) (f € G), and this defines a map t: G —> G: 


Theorem I. (Duality theorem) The map t is a topological isomorphism of 
G onto G. 


Theorem II. The dual group of a discrete group is compact, and the dual 
group of a compact group is discrete. 


Theorem III. The dual group of the direct sum G, ® G2 is isomorphic to 
Gi @®Go. 
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Theorem IV. Let G),G2,... be a sequence of compact Abelian groups, and 
for t = 2,3,... let G; —+ Gj_1 be a continuous surjective homomorphism. 
Then the group G = liminv G; is compact, and the dual groups G; form in a 
natural way a direct system of groups, whose limit is topologically isomorphic 
to G. 


Proof : The group G is compact, since every projective limit of compact 
groups is compact. For 7 > j let a map fi; : G; —+ G; be defined by 


fig = fjti ° fit20°++ 0 fi. 


If X; is a character of G;, then X; 0 f,; is a character of G;, and if we define 
for 1 > 7 the map gi; : G; —> G; by 


Giz: X; > X; ° fig, 


then (Gj; 9i;) will be a direct system. Moreover, all maps gi; are injective, 
hence the direct limit of this system may be identified with the union LU; G:, 
if we cease to distinguish between X; and g;;(X;). No topological questions 
arise, since by Theorem II all groups involved are discrete. Now, every element 
of this direct limit defines a character X; of G; for i large enough, and if 
x = (21, X2,...] € G (x; € G;), then 


X(x) = X;(x;) (i large enough) 


defines unambiguously a character of G. Conversely, one sees easily that in 
this way one obtains every character of G, and it remains to observe that this 
correspondence preserves multiplication. O 


Theorem V. Let G be a compact Abelian group and 
G=GoDG1iDG2>D... 


let be an infinite sequence of open subgroups of G, having only the unit element 
in common. If one defines for j > 1 the maps fi; : G/G; —>+ G/G; by 
fij(aGi) = xG;, then the inverse limit of the resulting system is topologically 
isomorphic with G. 


Proof : Put H = liminv G/G;. Since all G';’s are open and G is compact, the 
quotients G/G; are finite, hence H is compact. Let f : G —+ H be given by 
f(a) = [aG;];. This map is obviously continuous, and it is also injective since 
f(a) =e implies a € (); G; = {e}. Thus f is a topological isomorphism of G 
onto a closed subgroup of H, and it remains to show that f(G) is dense in 
H. Let y = [2;Gi]; € H. For j < i we have 


2;G; = x,;Gj Hi; = x£jGi, 


hence for yy = f(zn) we obtain 
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yn = [tnGili = [21G1,...,2N-1GN_-1,2nGn,tnGnyi,...], 


and so yy tends to y. O 


2. We will also need the concept of quasicharacters of a locally compact 
Abelian group G, i.e., its continuous homomorphisms into C*, the multi- 
plicative group of complex numbers. In the same way as for characters one 
introduces group structure and a locally compact topology into the set G of 
all quasicharacters of G. We prove now some simple facts about quasicharac- 
ters, and present a few examples. 


Theorem VI. Let G be a locally compact Abelian group. 

(t) The group G is topologically isomorphic with the direct product of G 
and the group H of positive quasicharacters of G, 

(ii) Every bounded quasicharacter is a character, 


(itt) If G is compact, or if every element of G is of finite order, then every 
quasicharacter of G is necessarily a character. 


Proof : (i) Only the trivial character is positive, hence GAH = {e}. Moreover, 
if q is a quasicharacter, then q(x)/|q(z)| is a character, and |q(x)| is a positive 
quasicharacter, thus GH = G. The topologies of GandGxH coincide, 
because each of them is the topology of uniform convergence on compact 
sets. 

(ii) Obvious. 

(iii) If G is compact, then every quasicharacter of it is bounded, and we 
can apply (ii). If every element of G has finite order, then for x € G anda 
certain positive integer n(x) we have x(t) = e, thus for every quasicharacter 


q we have 
1 = g(a) = g(x), 


whence |q¢(x)| = 1, and q is a character. O 


Note also that just as in the case of characters one can prove that the 
group of quasicharacters of G x G2 is topologically isomorphic with G; x Go. 


3. Now we present some examples. First, let G be the infinite cyclic group 
with discrete topology. In this case the group G is topologically isomorphic 
with C*, the isomorphism given by the map q + q(a), where a is a fixed 
generator of G. 

Now let G be the additive group Rt of real numbers with the usual 
topology. As G is self-dual, it suffices to find its positive quasicharacters, hence 
to solve the functional equation q(x + y) = q(x)q(y) under the conditions 
that q is continuous and its values are positive. It is easily seen that with a 
suitable real a we have q(x) = e®”, and so Rt is topologically isomorphic 
with Rt x R*, thus every quasicharacter has the form q(x) = e”” with z € C. 
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Similarly one sees that for the additive group Ct of complex numbers 
one has C+ ~ C+ x Ct, and every quasicharacter has the form exp(z;Re «+ 
zoIlm x) with complex 2}, 22. 

The last example shows that the analogue of Theorem I does not hold for 
quasicharacters, since the group of quasicharacters of C+ equals (CT)*. 

The next two examples concern multiplicative groups of the real and 
complex field. First let G = R* with the usual topology. Since R* ~ C2 x R*, 
hence R* ~ C2 x Ct, and every quasicharacter has the form 


q(x) = (sgna)!z|’, 


where € € {0,1} and z EC. 
Finally, the multiplicative group C* of complex numbers is isomorphic to 
T x R*, thus C* ~ T x R* ~ C,, x C™, and every quasicharacter is of the 
form 
q(x) = exp(inarg x)|2|’, 


with n € Zand z EC. 
Note that in the last two examples one can write the quasicharacters in 


a uniform way: . 
zt z 
a= (5) lek 


4. We will also use the Haar measure and Haar integral in locally compact 
Abelian groups. By a Haar measure on G we understand any Borel measure 
p on G which is translation invariant, i.e. for every x € G and every Borel 
set E C G one has p(E + x) = u(&), and which is positive on every open 
and non-void subset of G. In every LCA there is such a measure, and it is 
essentially unique, i.e., if 4 and yz, are two Haar measures on G, then the 
equality u(E) = cu(E) holds for every Borel set E C G, with a constant c 
independent of E. It is convenient to choose the Haar measure in a compact 
group G so that u(G) = 1, and in a discrete group so that every one-element 
set has unit measure. 

The Haar integral is the integral taken with respect to a Haar measure. 
For a thorough study of its properties see Hewitt, Ross [63]. 

The linear space of measurable complex-valued functions on G, whose 
absolute value has a finite Haar integral, will be denoted, as usual, by Li(G). 
For f € L1(G) one can define its Fourier transform by 


f(x) = i f(a) X(—n)du(x), (XG) 


which is a continuous function on the dual group of G. 
In a similar way one defines the Mellin transform on G. If f is a complex- 
valued measurable function on G, and q € G, then the integral 


fi@= i. f(a)q(«) dpa) 
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may happen to be finite. In this case we speak about the value of the Mellin 
transform at q. 

We present now some examples of the Mellin transform: 

(a) G=C. with discrete topology. Here 


fi =F = S> fee", 


since every quasicharacter corresponds to an element z € C*. 
(b) G= Rt with the usual topology. Here quasicharacters correspond to 
elements of C+, and we have 


fla) =f = f ” p(a)et*de = 2riL(f;—2), 


where L(f;w) is the classical Laplace transform. 
(c) G=C? with the usual topology. Here 


f@) ar fis 22) = 7: / f(a@t+ iy)e™* +724 drdy. 


(d) G = R* with the usual topology. Here the Haar measure jug is defined 
by 
dx 


Le A)= ae 
R(4)= J el 


and we obtain 


Fla) =Fle2)= f (oonay tals e)ae. 
x\> 
(e) G = C* with the usual topology. For the Haar measure pic we may 


take 
dxdy 


wel) = f 


and we obtain 
f= f@D= i i: exp(inarg(a + iy)) |x? + y?|°/2-1 f(a + iy) daedy, 


the integral being taken over the set of all (x, y) 4 (0,0). 

We shall also use the following result: 

Inversion Theorem. If G is a LCA and is its Haar measure, then 
there exist a unique Haar measure jt on the dual group G such that for every 
continuous and integrable function f on G, whose Fourier transform f is also 
integrable, the following formula holds: 


f(e) = i F(X)X(e)ap(a) = f(-2). 
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In particular, if G is self-dual, then one can choose the Haar measure so 
that the inversion formula holds with the same measure on G and G. In the 
case of G = R* the usual Lebesgue measure will have this property, and for 
G = C? it will be the double of the Lebesgue plane measure, provided we 
establish the following correspondence between the elements of Ct and its 
dual: if G = R*, then a € G4 X,(t) = exp(—2ziat), and if G = Ct, then 
aéG + X(t) = exp(—47Re (az)). This assertion results immediately from 
the following easily verifiable equalities: 


Co 
9g? i ee per | 
ip e ® trtytdy — re" ¥ , 
oe 


2 yy? — 20 1 _,2 
y" —Qriys toy 
e y= € ’ 
—oo VT 


2,2 _ Are (2 2 
ue eo? —y t4n(ar1 ¥¥1) drdy = ge 74m (ei +41) ; 
R 
27.2 2 2 2 
an ff e4™ (eityi)—40(er1—991) dors dy, =e ny 
R2 


5. We prove now the analogue of Theorem 5.46 for the fields R and C: 
Theorem VII. (J.Tate [50]) Let K be either the real, or the complez field, 


let | f 
£ if kK =R, 

noe { jz? if K=C. 
Let f be a complez-valued function defined on K, which is continuous and 
integrable with respect to the Haar measure p in K+. Assume, moreover, 
that its Fourier transform is also integrable, and that for all t > 0 the 
functions f(x)u(x)* and f(y)v(y)’ lie in Ly(K*). For every quasicharacter 
q(x) = X(x)v(x)* of K* (where X(x) = (sgnz)‘, € € {0,1} for K real, and 
X(x) = (a/|x|)" with n € Z for K complex) define a quasicharacter @ by 
G(x) = v(x)/q(x). Then for the zeta-function 


2f.a)= | Fle)a(e)dn(e) 


the functional equation i 
Z(f,9) = e(@Z(Ff,4) 
holds for 0 < Re s <1, where for K =R we have 


_ { rO-9PP(s/2)/n2?F((1 — 8)/2) ife=0, 
(a) = ore + 8)/2)/imO+9/27(1 — 6/2) ife=1, 
and for K =C 
inj_ (20)! *1(s + |n|/2) 


ota) = 8)" onyeF(d — 6 $ [nly 
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Moreover, for a fixed equivalence’ class of quasicharacters the zeta- 


function is a regular function of s in the half-plane Re s > 0, and can be 
continued to a meromorphic function in the plane. 


Proof : We proceed in the same way as in the proof of Theorem 5.46. However, 
we have to make an appropriate choice of the auxiliary function g, occurring 
in that proof. If K = R and ¢ = 0, then we put g(x) = ent in which case 
we get g = g, and Z(g,q) = 1~*/?T'(s/2), thus 


2 (9,4) =a O92 T((1 — 8)/2). 


If K = R and e = 1, then put g(x) = ze-™®’. In this case a(y) = tg(y), 
and to compute the zeta-functions write 


0) co 
2(g,4)= fe" fals tae — [ wer*" lal? tae 
we 0 
=2 | 7? de = 1 tD/2P((5 + 1)/2), 
0 
and similarly 
Z(G, 4) = in P92 7((2 — 8)/2). 
If kK =C, then put 
7 _ f @ exp(—2zr|2|?) ifn > 0, 
es Oe apart metas 


In this case for n = 0 and ¢ = x + ty we obtain 


Go(%) =2 Ly exp(—2m(u? + v? — 2i(xu — yv)))dudu 


=2 | exp(—2n(u? + v? — 2izw))du f exp(—2rv? — 4riyv)du 


oo —oo 


=exp(—2m(a? + y”)) = go(2). 


For non-zero n we assert that g,(x) = i!"!g_,(#). This being true for 
n = 0, let us assume that it holds for a certain n > 0. Writing this down 
explicitly, and applying the operator 


1 0 4 O 
peeing (eter 2 elon 
4ni \ Ox Oy 
we immediately obtain the truth of our assertion for n+1. Having established 
this for non-negative n, we obtain it also for negative n with the use of the 


inversion theorem. 
For the zeta-functions one gets now without difficulties the equalities 


' Recall, that two quasicharacters Xv* and X1 v® are called equivalent if X = Xj. 
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Z (919) = (2m) Flr (s + |n|/2), 


and 
Z(Gn,4) = I" (2n)*tl/2 71 — 28 + |n|/2). 


Once this is done, one proceeds in the same way as in the proof of Theorem 
5.46, and arrive safely at our assertion. 0 


6. In this section we state and prove the Poisson formula, but only in a 
special case, needed in Chap. 6. Let G be a locally compact Abelian group, 
H its discrete subgroup, and assume that the factor group G/H is compact in 
the quotient topology. The dual group of G/H will be denoted by 6. Note that 
6 can be identified with the subgroup of G: consisting of characters which 
are trivial on H. Assume, moreover, that there exists an open set D C G such 
that every g € G can be written uniquely in the form g = hd, with h € H, 
d € D. This assumption allows us to consider the map f : G/H —> D 
defined by f(A) = x, where x € D is a representative of the coset A. This 
map is continuous, and thus D is compact. If we choose in G a Haar measure 
m with m(D) = 1, then it induces a Haar measure pv in G/H, via u(F) = 
m(f(£)), under which G/H acquires the unit measure. Finally, let v be the 
Haar measure on Hf, giving the unit measure to every one-element set. Note 
that with this choice of measures we have for f € L1(G) the equality 


S | te+ mamta). 


heH 


if aa = ‘| I f(e-+h)dm(x)dv(h) = 
G HJG 
Under these assumptions we now prove Poisson’s formula: 


Theorem VIII. Let f be a continuous function in L1(G), and assume that 
(i) the series Oey f(u +h) converges uniformly for x € D, 
and 


(ii) the series ce \f(y)| converges. 
Then we have 7 
Y= f(h) = ¥> fy). 


heH yEeG 


Proof : Put 
_JXinew ifeeD, 
g(e) = {3 otherwise, 


and let x € G6. We may assume that y is a character of G, trivializing on H. 
Then 
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a) = [| SX fle h)x(-2)dm(e) = SD I fla + h)x(—2)dm(c) 


Dnren heH 


x: i _ pL a)am(a) = x(h) i _pfox-adan(a) 


he he 
=f, Meradmtay = J sle)et-aam(a) = F00. 


We can regard g as a function on G/H, owing to the biunique correspon- 
dence between G/H and D. One sees easily that the Fourier transform of 
this function coincides with g, and by the inversion formula we get 


g(x) = 95 9(x)x(@) for x € D, 


xEG 
hence 2 
> fe+h) = D0 fodx(@); 
he xEG 
and putting + = 0 in the last equality we obtain our assertion. Oo 


7. In this subsection we develop the main properties of the restricted direct 
product of topological Abelian groups, which are needed in Chap. 6. We start 
with the definition: 

Let {Gy}, be a family of locally compact Abelian groups, indexed by el- 
ements v of a set V, and assume that for almost every v (i.e. for all except 
finitely many) a compact and open subgroup H, of G, is selected. The re- 
stricted product G of the G,’s with respect to the H,,’s is the subgroup of 
the product [],, Gy, consisting of all elements (g,), such that for almost all 
v one has gy € H,. In G we define a topology by taking for the fundamental 
system of neighbourhoods of the unity the system of all such neighbourhoods 
in the product topology in the groups 


Gs=|[@x[[®., 


ves v¢S 


where S is an arbitrarily fixed finite set of indices containing every index v 
for which H, is left undefined. One sees without difficulty that this topology 
does not depend on the particular choice of S, and that all groups G, are 
open in G. It is also easy to see that the family {]],, U.}, where U, is a 
neighbourhood of unity in G,, and for almost all v’s we have U, = Hy, can 
also serve as a fundamental system of neighbourhoods of unity in G. 


Lemma 1. The restricted product G is a LCA. 
Proof : The continuity of the operations is immediate, and the local com- 


pactness follows from the observation that for finite S the group Gg is locally 
compact, and open in G. O 
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The following theorem describes characters and quasicharacters in re- 
stricted products: 


Theorem IX. (i) The character group G is topologically isomorphic with the 
restricted product of the groups G, with respect to the subgroups Ay C Gy, 
annihilating Hy (i.e. consisting of characters trivial on H,). Moreover, for 


x EG we have 
x((9v)) = [] xo(gv), 


where Xy 1s the restriction of x to Gy, considered as a subgroup of G via the 
embedding gy +> (hw)wev € G, with 


Pets Qu ifw=v, 
- €w otherwise, 


where ey is the unit element of the group Gy. 


(ii) The same assertion holds for the group of quasicharacters. However, 
this time the isomorphism is only algebraical, not necessarily topological. 


Proof : Let q be a quasicharacter of G, and let q, be its restriction to Gy. 
We show that for almost all v’s we have q,(H,) = 1. In fact, if U is a 
neighbourhood of unity in C*, not containing nontrivial subgroups, and O = 
I], Ov is a neighbourhood of unity in G, satisfying q(O) C U, then q is trivial 
on every subgroup of O. However, for almost all v’s we have O, = H, C O, 
thus q is trivial on any such H,. Let S be the set of those v € V for which 
either H, is undefined, or q is non-trivial on H,. Let also g = (g,) € G be 
arbitrary, and put T= {vu ¢S: g, € Hy} and S;={v¢SUT: H, =O,}. 


Write 
9= [[ % [[ 9 [] 9-90, 


ves veT VES) 
with go € [],, Ov. Then 


a9)= [J] alga) = [J ala) = [J alo), 


veESUTUS} veESUTUS, 


because for v outside SUT U S; we have q(gy) = 1. 

Now note that if for every v we have a quasicharacter q, of Gy, and for 
almost all v this quasicharacter is trivial on H,, then the formula q((zy)v) = 
I], @&(zv) defines a quasicharacter of G. The multiplicative property of q is 
evident, and to obtain its continuity denote by S the set of indices v, for 
which q, is non-trivial on H,, and let N = #S. For every neighbourhood U 
of 1 in the complex plane choose a neighbourhood U; with UN Cc U. If now 
the open sets U, C G, are chosen so that X,(U,) C Uj, holds for v € S, and 
U, = Hy holds for v ¢ S, then the quasicharacter q maps the product J],, U, 
into U, and so is continuous. 
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Consider now the map 


g: (duo [[e 


of the restricted product A of the groups G, with respect to their subgroups 
annihilating H, into G. It is obviously injective, and the preceding argument 
shows that it is also surjective. This proves part (ii) of the theorem. 

Observe now that » maps A onto the group G. Therefore these two groups 
are algebraically isomorphic. We prove now that y is a topological isomor- 
phism. 

A set CC G has a compact closure if and only if it lies in [],, Cy, where 
Cy C Gy is compact, and for almost all v we have C, = H,. Indeed, every 
such set has a compact closure, and on the other hand, if C is compact, then 
for a certain finite S C V we have C C Gg, because C C G = Us Gs, and 
so a finite system of open subgroups G's covers S. It remains to observe that 
a finite union of sets Gg also has this form. 

Let U be a neighbourhood of unity in G having the form 


U = {x: |x(@)-1] <e for t € |] C.}, 


with 0 < € < 1/2 and finite S = {u: C, # H,}. If X € U, then for t, EC 
we have |xv(ty) — 1| < €, and for v outside S we have x,(ty) = 1, because 
then C, = Hy, is a group, and x,(H,) lies in the disc {z: |z —1| < 1/2}. 
If 
U,={qeG,: |g(t)-1)<e forte Cy}, 


then x € U implies y, € U, for v in S, and y,(H,) =1 for v ¢ S. Conversely, 
if xy satisfies the two last conditions, then for t in [],<5 Cy x log g Hy we 
have |x(t) — 1| < é’ for suitable e’, depending on e. O 


8. Now we turn to the Haar measure in a group G, which is the restricted 
product of G,’s with respect to H,’s. We retain all notation from the pre- 
ceding subsection. Choose in every Gy a Haar measure py, giving the unit 
measure to the groups H, in the case, when they are defined. It is also possi- 
ble to allow finitely many exception to this condition. For every finite S C V 
denote by * the product measure in the compact group Iles H,. Then 


us = [Jum xp? 
ves 


is a Haar measure in the group Gg. 
If f is a continuous function with compact support A on G, then for 
suitable S we have A C Gg, and so the linear functional 


F(f) = I fa)dus (2) 
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is well defined and independent of the choice of S. This functional induces, 
in a well-known way, an invariant integral on G. Thus there exists a Haar 
measure ps on G for which 


F(f) = ic fla)du(c). 


This measure depends on the choice of Haar measures in those groups 
G,, for which H, is not defined. However, in all our applications there will 
be a standard choice for those measures. The next two lemmas are useful for 
performing effective integration on G, and for finding Fourier transforms: 


Lemma 2. Assume that for every v € V a complex-valued, continuous and 
integrable function f, on Gy is given, whose restriction to H, equals 1 for 
almost all v’s. Let f be the function on G defined by 


)) = [[ fel). 


Then f is continuous, and for every finite set S C V containing all v’s 
for which either H, is not defined, or f, is non-trivial on H,, we have 


[te )dyi(e) = If, folae)dpty(2). 


ves 


Proof : The continuity of f results from the observation that the groups G's 
are open and cover G, and on each of them f is continuous. The asserted 
equality is a consequence of 


[tern = [sedans eo) 
and the definition of dug(z). O 


Corollary. Under the assumptions of the lemma, if 


sup [] i: Lfo(a)ldjts() < 00, 


ves 


then f is integrable on G, and 


[ F(o)au(o) = T] a _folee)ato(a) fe 


Denote by h, the characteristic function of Hy for all v, for which H, is 
defined. Moreover, let H* be the subgroup of Gy, annihilating H,. 
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Lemma 3. (i) The Fourier transform of hy equals the characteristic function 
of H;. 
(ti) For every v € V let fy be a complez-valued, continuous and integrable 
function on Gy. Assume that for almost all v, one has fy = hy. i 
If f =], fv is the induced function on G, then its Fourier transform f 


satisfies 
F(x) = [[fober), 
where x = [[,, Xv is a character of G in the form given by Theorem IX. 


Proof : (i) We have 


hu (Xv) = [ fry (22)Xo (2-2) dpey (2) = a xo(- apy (2) 
= Su, du,(x)=1 if x, is trivial on Hy, 
NG otherwise, 


thus i is equal to the characteristic function of H;, as asserted. 
(ii) It follows from (i) that for almost all v for any character x = [J], xv 


we have hy (Xv) = 1. Moreover, for almost all v we have 


| | fv(@v)xXv(y*) [dpe (x) =1, 


v 


and so it is possible to apply the corollary to the preceding lemma, yielding 


Pix) = a f(x)x(@™?)du(x) = T] [ folav)xv(ey? dee) = T] fulxe).O 


The next lemma describes the Haar measure in the character group G 
dual to the Haar measure in G used above. Recall, that one says that the 
Haar measure ft on G is dual to the Haar measure ps on G if the inversion 
theorem, as stated above, holds for them. 


Lemma 4. For every v let ji, be the Haar measure on Gs dual to the measure 
Ly. Then the group H* has unit measure, and the measure ji defined in Cs 
using the measures ji, in the same way, as p. was defined with the use of ly, 
is dual to p. 


Proof. We have 


hy(y) = hy(y?) = i, hy (@v)u(@52) dpe, 


v 


and 
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hou) = f E(Wdin( 2). 


Putting y equal to the unit element of G, we obtain 


i dji,(x) = 1. 
Ay 


Therefore we can apply the process of constructing the Haar measure in 
G. The check that the resulting measure is dual to 4 does not present any 
difficulties. O 


Corollary. If f satisfies the conditions of Lemma 3, and, moreover, for all 
v the Fourier transform of f, is integrable, then the Fourier transform of f 
is also integrable. 


Proof : If we put So = {v: fy # hy}, then by Lemma 3 (ii) we get 
f(@) = Il Falta) Il ACE 
vESo vESo 
Lemma 4 and Lemma 3 (i) imply now that for v outside Sp we have 
J, Wieldite =, 
Gy 
and therefore 


sy II 


ves 


i fo(@v)|dj < [] ), lfu(@y)|dfty < 00. 


vESo 


It remains to apply Lemma 3 (ii). oO 
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Function Theory 


1. We collect here certain results of the theory of complex functions, used in 
this book. The proofs are omitted. 


A series of the form on 
> Gnu”, (1) 
n=1 


where a,, are complex coefficients, and s = o + it is a complex variable, is 
called a Dirichlet series. 


Proposition 1. If the series (1) converges at so, then it converges also in the 
open half-plane o > 1+ Re so, the convergence being uniform in every angle 
arg(s — 89) <c < 2/2. Thus (1) defines a function regular in the half-plane 
o >Re So. If at 51 the convergence is absolute, then (1) converges absolutely 
and uniformly in the half-plane o > Re 81. 


This proposition allows us to speak about the half-planes of convergence 
and absolute convergence of (1). 

We are mainly interested in the asymptotic behaviour of the coefficient 
sum S(z) = 0, <, of (1). A very general result regarding this question is 
the theorem of Delange-Ikehara”, of which the following theorem is a special 
case: 


Theorem I. Assume that the coefficients of the series (1) are real and non- 
negative, and that it converges in the half-plane o > 1, defining there a regular 
function f(s). Assume, moreover, that in the same half-plane one can write 


#(s) = Yo a;(s) toe" (5) (6-1) + als), 


where the functions g,90,---,9q are regular in the closed half-plane o > 1, 
the bj-s are non-negative rational integers, ag is a positive real number, 
Qy,...,Qq are complex numbers with Re a; < ao, and go(1) # 0. 


? See Delange [54], Narkiewicz [83,Chap. IIT]. 
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Then for the summatory function S(x) = >> An we have, for x tending 


to infinity, 


Nx 


S(x) = Ga + o(t)) zt log®®~! x(log log x)". 


If f satisfies the same assumptions, except that ag = 0 and bo > 1, then 
bo—1 


S(z) = Godot) o(1) jr ROE 2) 


Note that in Delange’s paper the a,;’s are assumed to be real, however 
this assumption is not used in the proof. 


2. We need also a result of Landau. For its proof see e.g. Narkiewicz [83, Th. 
3.5] or Prachar [57]. 


Theorem II. Ifo > C defines the half-plane of convergence of a series (1) 
with non-negative coefficients, then the sum of this series has a singularity at 
s=C. 


We also include for reference two results from function theory not con- 
nected with Dirichlet series. Their proofs can be found in Prachar [57]. Put 
D(so;r) = {s: |s — s0| <r}. 


Theorem III. Assume that f(s) is regular in the disc D(s9;r), and does not 
vanish in the set 
{s: |s—so|<1r/2, Re (s— 80) > O}. 
Assume, moreover, that it satisfies 
if (s) 
f (80) 


in D(so;r). If z is a zero of f of order h, satisfying |z — so0| < 1/2, and 
Re (z — 80) <0, then one has the following inequalities: 


&. ie (Ge) > flog M 


(ii) Re (Fe) > Oe ™ + Re (*). 


Theorem IV. If f is regular in the disc D(so;R), and0 <r < R, then for 
s € D(so;r) we have 


If(s)| < 


|<M 


and 


2|f(so)|R 2r 
R-r * R-r Lea f(s). 
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Baker’s Method 


In the proof of Theorem 8.29 the use is made of a result of A.Baker and 
G.Wiistholz [93], giving a lower bound for linear forms in logarithms. To 
state it we denote by H(a) the height of an algebraic number a, defined as 
the maximal absolute value of the coefficients of the minimal polynomial of 
a over Q. 


Theorem. Let a1,42,...,Qn be non-zero algebraic numbers, and let 
D(X, Xo,...,Xn) = Xi logay +--+ + Xp, logan. 


Assume that the numbers Aj,...,An satisfy A; > e, and H(a;) < A; 


for j =1,2,...,n. If M >e, and 2,...,%p are rational integers, satisfying 
|a;| <M (jg =1,...,n), then either L(a1,...,2n) =0, or 


n 
log |L(a1,.-.,2n)| > —(16dn)?"*4 log M | [log A;, 


j=l 


where d is the degree of the extension Q(a1,a2....,@An)/Q. 


Problems 


In the first edition a list of 35 open problems was presented, and in the second 
edition 14 problems were added. In the meantime certain of them have been solved 
either completely (they are marked by an asterisk), or partially. Here we reproduce 
this list, and add certain other problems. 


1. (Lehmer [33a]) Prove that for every « > 0 one can find an algebraic integer 
a, not a root of unity, with 


M(a) = [J max(1, |a|) <1 +e, 


where the product runs over all conjugates a® of a. 


The answer is negative in the case, when the minimal polynomial P of a is not 
reciprocal, i.e., P(X) A X"P(1/X), with n = deg P (Breusch [51], Smyth [71]). 
Now it is rather believed that the answer is negative. See Chap.2 for comments. 


2*. (Robinson [62]) Show that if b— a > 4, then the interval [a, b] contains a 
full system of conjugates of an integer of degree n, provided n is sufficiently large. 


Solved by Ennola [75a]. 


3. (Samet [53]) Let U be the set of all non-real integers, whose all conjugates 
except two lie in the closed unit disc, and there are some on its circumference, 
Determine the closure of U. 


4. (Robinson [69]) Determine all circles with irrational center which contain 
infinitely many full systems of conjugates of algebraic integers. 


Circles of this type with rational centers have been described in Robinson [69]. 
Circles with totally real centers were described in Ennola [73a], and circles with cen- 
ters of degree 3 or 4 in Ennola, Smyth [74]. All algebraic integers whose conjugates 
lie on a circle were described in Ennola, Smyth [76]. 


5. Determine all numbers which are discriminants of finite extensions of Q. 
For Abelian extensions of Q with a given Galois group the answer is given by 


the conductor-discriminant formula. In the general case nothing seems to be known 
apart of Stickelberger’s theorem. 


6. Find a necessary and sufficient condition for a field to have index 1. 

It follows from Uchida [77b] that this happens if and only if the field has an 
integral generator, whose minimal polynomial does not lie in the square of a maxi- 
mal ideal in Z[X]. An effective procedure to check whether a given field has index 
1 was given by Gyory [73]. 
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7. Let N(x) denote the number of non-isomorphic fields of degree k whose 
discriminants do not exceed x in absolute value. Prove the existence of a positive 
limit limz—oo Ne (x)/z. 


For k = 2 this is trivial, and for k = 3 this has been proved in Davenport, 
Heilbronn [69]. Lower and upper bounds for N4(xz) have been obtained in Baily 
[80]. Upper bounds in the general case were given in W.M.Schmidt [95]. 


8. Find a necessary and sufficient condition for the existence of a normal integral 
basis in a normal extension. 


9. Can one determine reasonable classes of extensions K/Q for which tame 
ramification is necessary and sufficient for the existence of a normal basis. 

There was an enormous progress on the two last questions. We refer the reader 
to the book of Fréhlich [83a] on that subject and to the literature quoted in Chap.4. 


10. Describe fields K (not necessarily algebraic over Q) having the property 
that every polynomial P € K[X] for which there exists an infinite set X C K with 
P(X) = X must be linear. 


Algebraic number fields have this property (Narkiewicz [62]), and, more gener- 
ally, all finitely generated extensions of a prime field (Liardet [70], Lewis [72]). See 
also Kubota, Liardet [76], Liardet [71], [72], [75]. 


11. Assume that K has the property indicated in the preceding problem. Prove 
that if the rational function f € K(X) maps an infinite subset of K onto itself, 
then f(X) = (aX + b)/(cX +d). 


This is known to be true for a large class of fields (Liardet [70]). 


12. Let G be a finite Abelian group. Show that there is an algebraic number 
field with H(K) ~ G. The same problem may be also stated for the group H*(K). 


13. Give a simple criterion for the existence of a unit with negative norm in a 
real quadratic field. 
A rather quick algorithm for testing this was presented in Lagarias [80a]. 


14. Characterize real fields with a system of totally positive fundamental units. 

This is equivalent to h*(K) = 2"!~'h(K). See Armitage, Fréhlich [67], where 
this possibility is ruled out for a large class of fields. 

15. Characterize fields with a system of real fundamental units. 


16. Give a convenient necessary and sufficient condition for a normal field to 
have a conjugated system of fundamental units. 

17. In which fields has the group U*+(K) a conjugated system of generators? 

Fields with cyclic Galois group of 3 and 5 elements have this property. This was 
proved by Hasse [48a], and Morikawa [68], respectively. 

18. (Jacobson [64]) In which fields is every integer a sum of distinct units? 

There are only two such quadratic fields (with d(K) = 5,8) (Jacobson [64], 
Sliwa [74]), but infinitely many cubic and quartic fields (Belcher [74], [75]). 

19*. Prove that only a finite number of units in a given field can have the same 
discriminant. 


This was proved in Birch, Merriman [72] and Gyéry [73], [83]. Gyéry’s proof is 
effective. 
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20. (Heilbronn [50]) Prove the existence of infinitely many Euclidean cubic 
fields. 


21. (Gauss) Show that infinitely many real quadratic fields have class-number 


For an heuristical approach see Takhtayan, Vinogradov [82]. 

22. Give an explicit formula for the highest power of a given prime which divides 
the index of a field K. 

For unramified primes this problem was solved in Sliwa [82a]. See also Del Corso, 
Dvornicich [02], Gaal, Pethé, Pohst [91], Nakahara [83], Nart [85]. 


23. (Shafarevich [63a]) Prove that for real quadratic fields with a prime dis- 
criminant the rank of H(K) is bounded. 


24. (Leopoldt’s Conjecture, Leopoldt [62]) Find the rank of the p-adic regulator 
matrix. 


In fact Leopoldt conjectured that this rank equals r1 +r2—1. This is true for all 
Abelian fields, and also in certain other cases. See G.Gras [03,Chap.3], Washington 
[82,Chap.5]. 


25. Determine Dedekind domains for which the class of the different of an 
extension is always a square. 
Cf. Fréhlich, Serre, Tate [62]. 


26. (Artin) Prove that if K C L, then ¢1(s)/¢x(s) is entire. 

This holds if the extension L/K is normal (Aramata [31], [33], Brauer [47a]). 
See also the literature quoted in Chap.7. 

27*. Prove the analogue of Proposition 7.19 for non-normal extensions. 

This has been done by Odoni [75a] (cf. Odoni [73b], [75b]). 

28. Determine the structure of Rz as an Rx[G]-module for a given normal 
extension L/K with Galois group G. 

This problem is closely related to problems 8 and 9, and we refer the reader to 
the literature mentioned there. 

29*. Characterize Dedekind domains in which all factorizations into irreducibles 
of a given element have the same length. 

This has been done by Skula [76] (cf. Zaks [76], [80]). For analogues in more 
general rings see the survey given in Chapman, Coykendall [00]. 

30. (Davenport) Evaluate Davenport’s constant D(G) for finite Abelian groups 
G. 

Cf. the literature quoted in Chap.9. 

31*. (Turan) Let f(n) denote the number of distinct factorizations of a given 


natural number n into irreducibles in an algebraic number field K with h(K) #1. 
Prove that f cannot have a non-decreasing normal order. 


Solved by Rositiski and Sliwa [76]. 
32”. Characterize arithmetically fields with a given class-number + 1, 2. 


This has been done by Kaczorowski [84] and Rush [83]. See Theorem 9.2. 


33. Prove that there are only finitely many totally imaginary fields of a given 
degree and class-number one. 
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34*. Prove that for any positive integer N there are infinitely many fields of 
given degree and signature with class-number divisible by N. 


This was established for not totally real fields by Azuhata, Ichimura [84], and 
by Nakano [84] in the remaining case. 

35. Give an elementary proof of Dirichlet’s class-number formulas. 

For imaginary quadratic fields this has been done by Orde [78]. 


36. (H.C. Williams [8la]) Prove that the length of the period of the continued 
fraction for VD is O(VD log log D). 
37. (Browkin, Schinzel) Let K be an algebraic number field. Prove that if there 


exists an infinite sequence of integers of K, such that for every ideal I the first N(I) 
terms of this sequence are distinct mod J, then K is the field of rational numbers. 


For partial results see Latham [73], Wasitula [74], Wasén [74], [76], [77]. 


38. (Boyd [77]) Is the union of the sets of Pisot numbers and Salem numbers 
closed? 


39. (Lenstra [77a]) Evaluate L(K),the Lenstra constant of the field K, defined 
as the cardinality of the largest set A of integers of K, having the property that for 
alla ~£b in A the difference a — b is a unit. 

40. Characterize fields K in which every totally positive unit is a square. 

Cf. Armitage, Fréhlich[67], Garbanati [76], Hasse [52a], Hughes, Mollin [83]. 

Al. For a finite group G characterize Z[G]-modules, which are isomorphic to 
U(K)/E(K) for suitable normal extensions K/Q with Galois group G. 

See the comments in Chap.3. 


42. (Newman [74a]) Which rational integers are sums of two units from the 
p-th cyclotomic field? 


43. (Newman [74a,b], [90]) For a given field K and a € Rx denote by N(K, a) 
the maximal number k with the property that there exists a unit wu € Rx such that 
u+ta,ut 2a,...,u+(k— 1a are all units. 


(a) Determine N(K, a). 

The inequality N(K,a) < r(K) + r2(K) has been established by K.Gyéry 
[79b]. 

(b) Prove that N(Q(¢,), 1) = 4. 

This is true for 5 < p < 37 and for p = 47, 73 ((Newman [90]). 

44” (Jehne [77b]) Prove that the only one-element Kronecker class consists of 
the base field. 

A counterexample has been constructed by Sax] [88]. Cf.Lochter [94b]. 

45*. (Perlis [78]) Do arithmetically equivalent fields have the same class- 
number? 

The answer is negative (de Smit, Perlis [94]). 

46. (Baker, Schinzel [71]) Prove that in an imaginary quadratic field of discrim- 
inant d every genus contains an ideal of norm O(|d|*) for every € > 0. 

The best known bound is O(|d|°) for every c > 1/4 (Heath-Brown [79]). 


47. Obtain analogues of the Frobenius-Rabinowitsch theorem for other values 
of the class-number and other classes of fields. 
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Much work has been done on this question. See the book of Mollin [96d] on the 
quadratic case, as well as the literature quoted in Chap.8. 


48. Evaluate the constants ai(A) and M(A), associated with finite Abelian 
groups A. 


49. (Chowla, Kessler, Livingston [77]). Let p = 1(mod 4) be a prime. Prove 
that if for all ¢ = 1,2,...,(p—1)/2 one has 


S- () > 0, 
n=1 P 
then p = 5, 13 or 37. 

This has been checked for p < 43000. 


Problems added in the third edition: 


50. (Sprindzhuk [73], [82]) Let « > 0 be given. Prove that every algebraic 
number field K of degree n has an extension L/K with 


[L: K] <A, R(L) < Be)|d(K)I*, 


where A depends only on n, and B depends only on n and e. 

This is a rather strong conjecture. It implies that for all fields of a fixed degree 
one has h(K) > |d(K)|*/?~* for every € > 0. 

51. (Gordon. This problem has been often attributed to Erdés) Can one walk 
from the origin to infinity, using steps of bounded length, and the Gaussian primes 
as the stepping stones? 

Jordan, Rabung [70] proved that steps must be > 10 and Gethner, Wagon, 
Wick [98] improved this to > 26. Cf. Gethner, Stark [97], Haugland [95]. 


52. (V.K.Murty [00]) Let L/K be a normal extension, and C a conjugacy class 
in Gal(L/K). Let c(x,L/K) be the number of unramified prime ideals of first 
degree of norm < 2, whose Frobenius symbol lies in C, and let p(L/K) be the 
smallest value of « with Hc(x,L/K) > 0 for all C. Prove 


p(L/K) « log® d(L), 


with an absolute constant c. 

This is true in case when K is the rational field, and L is cyclotomic. 

53. Let K be a totally real field, and let A be the set of all totally positive 
elements of Rx, A number a € A is said to be indecomposable, if it is not a sum 


of two elements of A. Determine the maximal norm c(K) of an indecomposable 
element of A. 


For quadratic K this has been done in Dress, Scharlau [82], and a bound for 
c(K) in the general case was obtained in Brunotte [83]. 

54. In which fields does every integral basis contain a field generator? 

For partial results see de Smit [95]. 

55. Let K be an algebraic number field, which has infinitely many units. Prove 


the existence of infinitely many prime ideals p in Rx such that every non-zero 
residue class mod ) contains units. 
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This follows from GRH (Lenstra [77b]). Unconditionally this has been proved 
for all Abelian totally real fields of degree > 4 and for totally real quadratic and 
cubic fields with at most three exceptions (Narkiewicz [88]). 


56. (Artin’s Conjecture for number fields) Prove that if a € Rx is neither zero, 
nor a unit, nor a square of an integer in Rx, then there are infinitely many prime 
ideals in Rx for which a is a primitive root. 


This is true under GRH (Lenstra [77b]). For partial unconditional results see 
Narkiewicz [87]). Cf. Hinz [86]. 


57. (Bremner [88]) Let K = Q(¢,). Prove that ifa € Rx and Rx = Zfal, then 
up to equivalence and conjugation one has either a = Cp or a = Gp + Gs ee 
Cea : 


This is true for p = 7 (Bremner [88]). 


58. (Stevenhagen [95]) Let F(x) denote the number of real quadratic fields K 
with d(K) < a, in which there exists units with negative norm. Prove that with a 
certain c > 0 one has F(x) = (c+ o(1))a/Jlogz 


59. (Tollis [97]) Prove that for every n there exists a constant C(n) such that 
for every field K of degree n the function ¢x(s) has a root p, satisfying Im p < 
O(n)/ log |d(K)|. 

The bound < C(n)/ log log log(|d(K)|) was obtained in Neugebauer [88], and 
GRH permits to eliminate one of the logarithms (Omar [00}). 


60. (Morton, Silverman [94]) Let K be an algebraic number field of degree n, 
and let f € K[X] be of degree > 2. Assume that f has a cycle of length k in 
K, ie., there exist distinct elements 71,...,2% in K such that f(r.) = 21, and 
f(xi) = xi41 holds for i = 1,2,...,4 —1. Prove that k does not exceed a bound 
B(d,n), depending only on d and n, but not on K or f. 

This is open already in the simplest case n = 1, d = 2. It is known only 


that quadratic polynomials with rational coefficients cannot have cycles of length 
4 (Morton [92,II]), or 5 (Flynn, Poonen, Schaefer [97]). 
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